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Abstract 
Magnetostnctive ("MS') technology and Magneto-Rheologlcal Fluid ("MRF") technology 
are old "newcomers" coming to the market at high speed. Various industries includ~ng the 
automotive industry are full of potential MS and MRF applications. Magnetostrictive 
technology and Magneto-Rheological Fluid technology have been successfully employed in 
some low and high volume applications A structure based on "MSm-technology might be the 
next generation in design for products where power density, accuracy and dynamic 
performance are key features. Since the introduction of active (MS) materials such as 
Terfenol-D, \nth stable characteristics over a wide range of temperatures and high 
magnetoelastic properties, interest in MS technology has been growing. 
Additionally, for products where is a need to control fluid motion by varying the viscosity, a 
structure based on MRF might be an improvement in performance. Two aspects of this 
technology, direct shear mode (used in brakes and clutches) and valve mode (used in 
dampers) have been studied thoroughly and several applications are already present on the 
market. Excellent features like fast response, slmple interface between electrical input and 
- 
hydraulic output make MRF technology attractive for many applications. 
This dissertation is the introduction of an actuator based on "MSn-technology The possible 
control arrangement is based on "MY-technology. The thesis is submitted for the degree of 
the PhD The dissertation contains the layout definition, analytical calculations, simulations, 
and design verification and optimization with evaluation of experimental results for the 
actuator based on "MSX-technology in combination of a possible control device based on 
"MY-technology. 
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Chapter One 
Introduction 
1.1 Introduction of magnetostrictive ("MS") technology 
Magnetostrlction ("MS") is the change in shape of materials under the influence of an 
external magnetic field. The magnetostrictive effect was first described in the 19th century 
(1842) by an English phys~clst James Joule. He observed that a sample of ferromagnet~c 
material, i.e. iron, changes its length in the presence of a magnetic field. Joule actually 
observed a material with negative magnetostriction, but since that time mater~als with positive 
magnetostriction have been discovered. The causes of magnetostriction are similar for both 
types of material. This change in length is the result of the rotation of small magnetic 
domains. T h ~ s  rotation and re-orientation causes internal strains in the materlal structure The 
strains in the structure lead to the stretching, in the case of positive magnetostriction, of the 
material in the direction of the magnetic field. During this stretching process the cross-section 
is reduced In a way that the volume is kept nearly constant. The size of the volume change is 
so small that it can be neglected under normal operating conditions Applying a stronger field 
leads to stronger and more re-orientation of more and more domains in the direction of 
magnetic field. When all the magnetic domains have become aligned with the magnetic field 
the samation polnt has been achieved. Fig. 1 shows the idealized behavior of length change 
versus applied magnetic field. 
Fig. 1. Strain versus magnetic field 
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When a magnetic field is established in the opposite direction, the field is understood to be 
negative, but the negative field produces the same elongation in the magnetostrictive material, 
- as a positive field would. The shape of the curve is reminiscent of a butterfly and so the 
c w e s  are referred as butterfly curves. The physical background for the re-orientation of 
magnetic domains is depicted with some simplification schematically in Fig. 2. In the region 
between 0 and 1, where the applied magnetic field is small, the magnetic domains show 
almost no common orientation pattern. Depending on how the material was formed there may 
be a small amount of a common orientation pattern, which would show itself as a permanent 
magnet bias. The resulting strain depends very much on how homogeneous is the base 
structure of the magnetostrictive material and the material formulation. In the region 1-2 
ideally there should be an almost lmear relationship between strain and magnetic field. 
Because the relationship is a simple one, it is easier to predict the behavior of the material and 
so most devlces are designed to operate in this region. Beyond point 2, the relationship 
becomes non-linear again as a result of the fact that most of the magnetic domains have 
become aligned with the magnetic field direction. At point 3 there is a saturation effect, wh~ch 
prevents further strain increase. 
Fig. 2: "MS"-effect, schematically 
With pre-stress and magnetic bias the strain capability could be optimized. The behavior of 
the magnetostrictive materials in various applications is complex, because the changing 
conditions during operation cause changes in material properties The maximum useful 
magnetoelastic strain is one of the key parameters defining the resulting mechanical output in 
the case of a magnetostrictive actuator In comparison with other magnetostrictive materials 
- 
Terfenol-D shows a good trade-off between high strain and high Curie temperature 
Magnetostriction only occurs in a material at temperatures below the Curie temperatwe, but 
often the Curie temperature is below the temperature of the environment and this causes the 
magnetostriction effect to have little practical value. Development of further alternative 
magnetostrictive materials is ongoing [48, 51 and 611 Table 1 compares typical strains for 
various magnetostrictive materials. 
Table 1: Comparison of strain capability [14, 15 and 621 
In case a shaft is made of magnetostrictive material, i e Terfenol-D, magnetic field along the 
shaft axle will cause axial elongation. The elongation of the "MS"-shaft is proportional to the 
applied magnetic field A higher magnetic field leads to larger elongation. Without the 
magnetic field the shape of the magnetostrictive material reverses to the original. The 
magnetostriction is a reversible feature. This unique feature from magnetostrictive material 
could be used for an actuator device. The "MSn-technology offers an attractive controllability 
- with high power density. 
Material 
Ni 
1.2 Introduction of magnetorheological ("MR") technology 
Magnetorheology ("MR") is the change of rheological behavior under an external magnetic 
field. Magnetorheological fluid contains three components: basic fluid, ferromagnetic 
particles and stabilizing additives. The external magnetic field forces the ferromagnetic 
particles to form a chain-like structure. The chain-like structure resists the free fluid motion 
and the fluid behavior becomes controllable with the external magnetic field. The behavior of 
the magneto-rheological fluid ("MRF") is dependent on the chemical formulation and the 
stability of the chain-like structure, which the fluid has to pass. The physical background for 
the "MR-effect is depicted with some simplification schematically in Fig. 3. 
Saturation strain in [ppm] 
-50 
Curie temperature in [K] 
630 
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Fig. 3: "MRY'-effect, schematically 
Without the external magnetic field, the magnetorheological fluid behaves like Newtonian 
fluid. The "MR"-effect is a reversible feature and could be used in a device where fluid 
motion should be contro1led. Ever since some industrial issues were solved, both the technical 
and the comercia1 benefifs for various MRF applications have become very promising. As a 
result MRF development is ongoing continuously. More than sixty five years ago, in the 
19405, Jacob Rabinov discovered the MRF effect at the US National bureau of Standards. At 
the same time W- Wklow was working on a competitive technology called Electro- 
Rheologid Fluid (ERF). There are some similarities between the two different technologies 
regarding the required power, but in the case of ERE, thousands of volts and some milli- 
amperes are required, and in the case of MRF, normally between 2 and 24 volts and some 
amperes are required The eleetro-rheological (ER) effect depends on an electric field, and the 
magneto-rhealogical (MR) effect depends on a magnetic field. MRF products have between 
20 and 50 times higher capacity than the equivalent ERE products. Table 2 gives an overview 
of the ER and MR key features. 
Table 2: M W  versus ERF ll,2,55-681 
I Representative Feature I MRF I ERF I 
I I 
Max. Yield Stress 50-100 Wa 2-5 H a  
Power Supply 2-24 V @ 1-2 A 2-5 kV @ 1-10 mA 
Response t h e  some millisecond some millisecond 
Operational Field -250 kA/m -4 kV/mm 
Energy density 0.1 J/cm3 0.001 J/cm3 
Atability Good for most impurities Poor for most impurities 
'I I I 
'~perational temperature I -40°C up to +150°C -25°C up to +125"C 
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All these MRF technology advantages have created a very high level of interest to introduce 
products based on MRF technology during the most recent couple of years. At the beginning 
of the development work on MRF, non-predictable behaviour, such as in-use thickening, 
. sedimentation and abrasion [67] were described. This created some challenges for the 
industriahzation of the first application based on MRF, especially for an automotive 
application. During the last few years the stability, sedimentation and abrasive behavior have 
been studied in several universities and companies in the USA, Europe, and Japan. Recently 
MRF applications such as dampers, clutches, active bearings have already come to the market 
or are close to the start of serial production. 
1.3 Objectives and structure of the thesis 
Both technologies, "MS" and "MR", belong to the "smart" materials area and their features 
like fast response, high power density, controllability and non-contact nature make them 
attractive for various applications. Objectives of this thesis are as follows: 
-to define an actuator concept based on "MS'technology; 
-to define a concept of a control devlce based on "MR" technology; 
-to perform analytical calculations and the magnetic field simulations; 
-to deslgn and to build experimental rig 
-and finally to confirm the basic functionality by experimental evaluation of an "MS3'-actuator 
and "MR-control devices Two different control devices, valve and or~fice, have been 
evaluated in thls thesis. Furthermore, the pre-load for Terfenol-D shaft from the "MSn- 
actuator has been optimized based on experimental evaluation. 
The thesis is strnctured as follows. Chapter two and three are summaries of "MS" and "MR" 
literature surveys including technologies basics and known applications. Chapter four 
contains the parametrical calculations of actuator and control devlce performance. Chapter 
five handles the magnetic field calculations and results of magnetic field simulations for the 
"MS"-actuator and the "MR-control devices. Two different software packages for magnetic 
field simulation, free available FEMM-software and professional Vector Fields Opera- 
software, have been used to optimize the "MS3'-actuator design and the "MR-control design 
The experimental evaluation has been discussed in chapter six. In the last chapter conclusions 
and future work for continuing development has been proposed. Experimental rig drawings 
with specifications are summarlzed in appendixes of this thesis. 
Chapter Two 
Literature survey of magnetostrictive "MS" technology 
2.1 Magnetostriction Effects 
Cvstals of ferromagnetic materials change their shape when they are placed in a magnetic 
field. This phenomenon is called magnetostriction. It is related to various other physical 
effects [I-71. Magnetostriction is, in general, a reversible exchange of energy between the 
mechanical form and the magnetic form. The ability to convert an amount of energy from one 
form into another allows the use of magnetostrictive materials in actuator and sensor 
applications. Fig. 4 shows various physical effects which are related to the magnetostrictive 
effect. 
Magnetic field Magnetic flux 
strength 4-@ density 
Permeability 
* U + "6 & 
W 
a .d 
a k G 
G 3 
ri- 
Young's modulus E 
Fig 4: Magnetostrictive effects, similar to [4] 
The most understood effect which is related to magnetostriction is the Joule effect. This is the 
expansion, positive magnetostriction, or contraction, negative magnetostriction, of a 
ferromagnetic rod in relation to a longitudinal magnetic field. This effect is mainly used in 
magnetostrictive actuators. Magnetostriction is a hl ly reversible material feature. In the 
absence of the magnetic field, the sample shape returns to its original dimensions. The ratio of 
AL/L in Terfenol-D is in the range of 800 ppm up to 2000 ppm, and can be up to 4000 ppm at 
resonance frequency. The increase in length (longitudinal strain) or the contraction of 
diameter (lateral strain) is proportional to the applied magnetic field and this can be used for 
various purposes in an actuator mechanism. 
Another widely utilized effect related to magnetostriction is the Villari Effect. This effect is 
based on the fact that when a mechanical stress is imposed on a sample, there is a change in 
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the magnetic flux density which flows through the sample as a result of the creation of a 
magnetic field. The change in flux density can be detected by a pickup coil and is 
proportional to the level of the applied stress. The Villari effect is reversible and is used in 
sensor applications. 
The AE-Effect is another effect related to magnetostriction. It is the change of the Young's 
Modulus as a result of a magnetic field. The AEIE in Terfenol-D is in the range of more than 5 
and can be employed in tuneable vibration and broadband sonar systems [6]. Due to the 
change of the Young's Modulus there 1s a change in the velocity of sound inside 
magnetostr~ctive materials, and this can be observed. 
Another effect related to magnetostriction is the Wiedemann Effect. The physical 
background to this effect is similar to that of the Joule effect, but instead of a purely tensile or 
compressive strain forming as a result of the magnetic field, there is a shear strain which 
results in a torsional displacement of the ferromagnetic sample. 
The inverse Wiedernann Effect is called Matteuci Effect. Alternating current fed to a coil 
creates a longitudinal magnetic field in a sample, and this in turn creates a magnetlc flux 
density m the sample. The presence of the alternating magnetic flux can be detected by 
another coil, a pickup coil which measures the rate of change in the magnetic flux density. 
Twisting the ferromagnetic sample induces a change in the magnetization of the sample, 
which results in a change in the rate of change of the magnetic flux density. By detecting the 
magnet~zation change using the pickup coil, the change in shear stress can be evaluated and as 
a result the magnitude of the applied torque can be calculated. The Matteuci effect is modified 
by introducing a permanent magnetic bias in the ferromagnetic sample and this is used in 
sensor applications. 
An additional magnetostrictive effect is the Barrett Effect [6].  In certain extreme operational 
conditions the volume of the material may change in response to a magnetic field. For 
instance, the fraction volume change of nickel is only 10 .~  at 80 kAim. This volume change in 
response to a magnetic field is so small that it can be neglected under normal operational 
conditions The inverse Barret effect, the Nagaoka-Honda Effect, is the change of magnetic 
state caused by a change in the volume of a sample as a result of hydrostatic pressure. Due to 
the very extreme operational conditions required to make it possible to detect these effects 
connected with volume change, they have not found wide use in industry. 
The two most widely used magnetostrictive effects are the Joule effect and the Villari effect. 
They can be analyzed using the following equations. Firstly the Villari effect: 
In the Eq. (1) B is the magnetic flux density in T, d is the magnetostrictive constant in d A ,  0 
[Pa] symbolizes the stress change and p" [N/AZ] is the permeability at constant mechanical 
stress. The Joule effect can be represented by a similar equation: 
In the Eq. (2) S is the mechanical strain, cH [mZ/N] is the compliance coefficient at constant 
field strength and d [m/A] is the magnetostrictive constant at constant stress. 
The magnetic field strength, H, could be calculated using, 
Where I is the current [A], N[-] number of coll turns and 1 [m] is length of the magnetic path. 
Due to the fact that the axis of a typical bar-shaped sample is usually in line with the direction 
of magnetization only the axial component needs to be considered. 
In a magnetostrictive application the physical parameters described above do not remain 
constant during the operations Table 3 presents a summary of some features of d~fferent 
materials and the structures where they are normally used. It is intended for use as a 
comparison between the main materials used in actuators and sensors. 
Table 3: Technology features overview [I, 2, 8,9, 10, 11, 58, 59 and 601 
Similar technology overviews are summarized in several references [I], [2], [8], [9], [lo], 
[I  11 and [32]. These classifications of various technologies can be used to select the optimum 
technology candidates for a particular application 
Other material properties, related to Terfenol-D only, are summarized in the section 2.2. 
These features can only be used for rough comparisons since the properties are variable in 
each application. These tabled Terfenol-D features are only valid as a starting point because 
the manufacturing process has a great influence on the exact values for these properties. Also 
the level of pre-stress and level of magnetic bias can have a great influence on the properties. 
2.2 Giant Magnetostrictive Materials and Their Properties 
The development of giant magnetostrictive materials (GMM) was started in the 1960's by 
A.E. Clark and other researchers. The best trade-off giving a high magnetostrain at a 
relatively low magnetic field over a wide range of operating temperatures is the 
commercially-available alloy Tbo3Dn ,Fel9. Terfenol is a rare earth iron alloy. The alloy 
formulation is known as Terfenol-D, where "Term is from Terbium, "Fe" is the chemical 
symbol for iron, "NOL" is derived from Naval Ordnance Laboratoly and "D" is for 
Dysprosium (Ter+Fe+Nol+D). Terfenol-D was discovered by a research group led by A.E. 
Clark in the 1970's at the Naval Ordnance Laboratory. One of the first applications of 
Terfenol-D was a high-performance sonar transducer. Terfenol-D is capable of providing a 
positive magneto-strain of typical range of 800-2000 ppm at 50-200 kNm in bulk materials 
[12] and about 4000 ppm [I, 131 at mechanical resonance frequencies and at high magnetic 
fields. 
In a typical application for a Terfenol-D rod, parts per million (ppm) values are expressed as 
the length change multiplied by a million divided by the length of the sample rod. Fig. 5 
shows the total range of length change for a given length of Terfenol-D rod. 
Elengation versus shaft length 
Terfenol-D shaft length [mm) 
. , .  Fig. 5: Length change versus Terfenol-D rod with strain as parametee . . 
. ., 
. .. 
Some devices using Terfenol D's property of expansion have been designed using magnetic 
and mechanical bias to have a zero point at the beginning of the linear section of the 
, , , .'. performance curve of the material. When the magnetic field is established the response of the 
., :. ,. . .#  
. .  . :. : ' 
material will be along the linear section of the curve, ensuring a response which is predictable 
. 
and proportional, and in the range of a strain up to 1500 ppm at relatively low flux density of 
0.3 T [43]. The delay between magnetic field and the elongation is in the range 
second [41 and 521. Terfenol-D properties are summarized in Table 4. 
:: 
, . , . ,' . . ' . : . . . . .  
:a . . , 3  .. ,:'.*..,?, ..>.. . 
. . .  Table 4: Terfenol-D properties, [l, 2,4,5,6,9, 12, 14, 16 ,G  a d  631 . . .  
Terfenal-D property Value range Comments 
1. Nominal composition Tb,D,,Fe, 0.27<x<0.3 & 1.9cyc2 
2. Density 6 9250 kg/m3 Depending on manufacturing 
3. Mechanical properties 
Compressive strength 1 305-880 MPa ]Preferred in applications 
. . . .L 
... - ~ 
. . .  I I 
. . 
Tensile strength 28-40 MPa To be avoided in applications ., ,,  .. . , 
% , .  . . .  
I I , ;, ~ . '  
Young's modulus E~ 10-75 GPa At constant H 
. .,, 
. . 
. . 
. . . ~. 
/ Terfeool-D property I Value range /comments I 
Sound speed1 1640-1940 m/s I Due to AE-Effect I 
14 Thermal properties I / Coefficient of thermal expansion 1 12 p p d 0 C  I Not wldely reported I 
I Thermal conductivity 5 WImK @25"C l ~ ~ t  widely reported 
I I 
5 Electrical properties 
Not widely reported Specific heat coefficient 
6 Magnetomechanical properties 
0.35 kJ1kgK @25'C 
I I 
Resistivity 
I I 
Magnetic saturation occurs at / 1.0 T I Preferred dlstance to saturation 
Relatlve permeability pT/ po 1 9.0-12.0 
(58-63)10-~ a m  
Permeab~lity at constant stress 
Not widely reported 
MS couplmg coefficient k33 
MS strain coefficient d3? 
2.2.1 Terfenol-D Production 
I I 
Terfenol-D is a rare earth alloy, silver in colour, brittle at room temperature and because the 
raw materials are highly reactive and contain impurities, not easy to produce At least four 
different methods have been developed to produce Terfenol-D and are utilized on a near- 
production basis [I ,  171. The methods are Free Stand Zone Melting (FSZM), Modified 
Bridgmann (MB), Sintered Powder Compact and Polymer Matrix Composites of Terfenol-D 
Powder Techniques [17]. The most used methods are the MB and the FSZM. In the FSZM- 
method, material in the melting zone is held in suspension by surface stress This method is 
also called the Directional Solidification Method. In the MB-method, the material is melted 
completely and crystals are grown starting with a seed crystal [I]. Because side nucleation 
from the mould walls tends to overwhelm the primary, axial dendrite crystal growth, the 
minlmum Terfenol-D rod diameter is approximately 10 mm. In both processes the material 
0.6-0.85 
8-20 nm/A 
MS quality factor Q~ 
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Depending on application 
Depending on magnetic field 
3.0-20 0 Depending on appl~catlon 
solidification is specifically controlled by reducing the heat flow in a way which encourages a 
crystallographically aligned structure. Both methods are used to produce Terfenol-D rods with 
high magnetostriction and high energy density. The Sintered and Composite processes are 
. used more for the production of Terfenol-D rods for high frequency (higher than 1 kHz) 
applications where, otherwise eddy currents would cause high losses [49] The methods based 
on sinter technology are also suitable for more complex geometries. 
Solid rods up to 65 mm in diameter and 200 mm in length, laminated rods, rods with holes or 
odd shapes, rods with square cross sections, plates, discs, sputtering targets and Terfenol-D 
powder are all available off-the-shelf or can be produced on specific request [14]. New and 
optimized processing methods, like directional solidification or powder metallurgy methods, 
are showing a promising way for high volume and cost-effective production [17, 541. 
Characterization methods for evaluation of different production samples have been developed 
and introduced in the reference article [55]. 
Terfenol-D material is very brittle in tension. Its tensile strength (28 MPa) is very low 
compared with its compressive strength (up to 880 MPa) The density of the material is higher 
than the density of nonnal grades of steel and is about 9250 kg/m3. 
2.2.2 Young's Modulus 
Some Terfenol-D features are not constant during an operational cycle. One of these features 
is the Young's modulus, which varies almost hnearly with the magnetic field. A sketch of the 
AE-Effect is depicted in Fig. 6. 
Fig. 6: Young's modulus versus magnetic field 
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Young's modulus at constant value of magnetic flux density, E ~ ,  can be expressed as follows: 
As equation (6) suggests, theoretically there is a value of flux density at which Young's 
modulus becomes infinite. When this property occurs in a sample of Terfenol-D, it is said to 
have reached "a blocked state", and no rotation of magnetic domains is possible and the 
mater~al is prevented from changing its dimensions in response to stress [IS]. 
2.2.3 The Magnetomechanical Coupling Factor & the Magnetostrictive 
Coefficient 
In the transducer application, magnetic energy is converted into mechanical energy. The 
efficiency of the energy converting process is governed by the magnetomechanical coupling 
factor, k33. The value of this factor usually vanes between 0.5 and 0.8, indicating that the 
efficiency varies between 50 and 80% [I, 19, 36 and 461. In applications where only the 
longitudinal elongation is of interest (for standard actuator applications) the material 
properties related to the longitudinal axls are relevant. This mode is called 33-mode and the 
magnetomechanical coupling factor is called k33. The magnetomechanical coupling factor, 
k33, is given by equation (7). 
In this equation, the magnetostrictive coefficient d33 is the slope of the strain A33 versus 
magnetic field strength H33: 
In Fig. 7 the magnetostrictlve coefficient dj3 is depicted graphically. There is a region in the 
- graph where the slope is high and the relationship between the strain and the magnetic field is 
almost linear. This is the optimal working range, and is preferred for converting the magnetic 
into mechanical energy because of the minimization of losses and because the relationship is 
almost linear. 
Fig. 7: Strain versus magnetic field 
Neither the magnetomechanical coupling factor k33 nor the magnetostrictive coefficient d33 
remain constant throughout the operating conditions in real magnetostrictive applications. Fig. 
8 shows the impact of applied pressure on the coefficient d33 and on the factor k33 for an 
application where Terfenol-D is used, to illustrate this variability. It is common for both 
coefficients to show maxima at a given value of pre-stress. 
0 WPaI 
Fig. 8: k33 and d33 versus applied stress [19] 
For effective and efficient operation, both coefficients need to be as high as possible. The 
magnetostrictive coefficient d33 is often called the magnetostrictive strain coefficient. For 
Terfenol-D the value of the magnetostrictive coefficient d33 is in the range 5-70 MliA [I, 201. 
Both coefficients depend not only on the pre-stress as illustrated above, but also on the 
applied magnetic field. 
2.2.4 Quauty Factor 
Under quasi-static condition (continuous excitation under a sinusoidal alternating current), 
assuming zero pre-stress and assuming a linear relationship between the strain and the 
magnetic field, the strain is given by: 
The coefficient dj3 is found to be almost constant for most frequencies. However when the 
frequency approaches a value causing the sample to resonate in its longitudinal direction, the 
amplitude of the vibration increases abruptly [12]. For this to be observed the sample of 
Terfenol-D must be free to vibrate, so that if it was in an actuator it would be an unloaded 
actuator. The strain at resonance is much higher than it is under quasi-static conditions. The 
strain at the resonance condition is given by: 
The amplification factor of the strain at its first resonance over the stram under quasi-static 
conditions is the quality factor Q,. In the case where the actuator's vibrating end is totally 
free, the quality factor Q ,  is due to mechanical losses occurring internally in the material [I, 
211 and is equal to Q ~ .  This internal material quality factor Q~ is in the range of 3-20 [I, 211. 
On the other hand, when there is a load, when the sample of Terfenol-D encounters a 
resistance to its free movement because of the surrounding assembly, a damping feature is 
introduced into the vibration and the quality factor Q" is reduced to a value Q,. 
2.2.5 Permeability 
The constant po=4n10-7 Him defines the magnetic permeability of free space. The 
permeabilities of most materials are close to the permeability of the free space. These 
materials are called paramagnetic or diamagnetic. In the case of ferromagnetic materials the 
Page 15 
permeability is very large and it is common to express the permeability in terms of a new 
property, the relative permeability. This is the number of times the permeability of free space 
must be multiplied by in order to arrive at a value for the permeability of the material. Since 
this is a number, values of relative permeability are dimensionless. The relative permeability 
therefore indicates the amplification of magnetic effects in a magnetic material, which is 
expressed as the amplitude of the magnetic flux density in a magnetic material in response to 
a given magnetic field. The relative permeability of Terfenol-D is much smaller than of a 
magnetic iron. Table 5 presents a range of relative permeabilities including Terfenol-D. 
Table 5 .  Relative permeability [22] 
/ ~ e l a t i v e  permeability I Value range I 
1 Aluminum I 1 I 
Magnetic iron 
Nickel 
When a ferromagnetic material has been magnetized using a magnetic field and that field is 
removed, the material will not relax back exactly to zero magnetization when the magnetic 
field is removed. It must be driven to zero by imposing a magnetic field in the opposite 
direction. So, the magnetization curve is a loop and this loop is called a hysteresis loop. The 
lack of retraceability is defined as hysteresis. It requires some energy in order to cause 
magnetic domains to become oriented in the same direction as a magnetic field [22]. For an 
actuator or sensor smart material, the aim is to develop materials with the smallest hysteresis. 
On the other hand, a material to be used for magnetic memory with a high capacity, a large 
hysteresis is required, which is also the case in most permanent magnet applications Fig. 9 is 
taken from a website called HyperPhysics. The hysteresis loop is explained using some 
graphical indications of the magnetic domains. 
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The magnetic susceptibility urn specifies how much the relative permeability differs fiom 
value of one. 
I In the case of an active material like Terfenol-D the relative permeability depends on the pre- 
stress and the kequency used in its operation. Fig. 11 represents the magnetic behavior of 
Terfenol-D. It shows how the material responds to an applied magnetic field (H) by 
developing a magnetic flux, with a flux density (B). The permeability is the value of BIH. The 
diagram shows the hysteresis loops [similar to 571. 
Fig. 11: General B-H curve 
It is found that higher amounts of pre-stress reduce the relative permeability. For positive 
magnetostrictive materials an explanation for this could be that it is because when the pre- 
stress is high the domain movement requires more mechanical energy, and therefore the 
material is unable to respond to the magnetic field as well as it can when the pre-stress is 
lower. For magnetostrictive materials there is another response to the magnetic field in 
addition to the ferromagnetic effect (amplifying the magnetic flux) and this is the change in 
strain. The two effects are related, but the relationship between them is complex. For these 
materials there is also a hysteresis feature associated with the magnetostrictive effects [37]. 
Some hysteresis models to calculate the hysteresis have been introduced [42,45]. A typical 
Chapterm0 
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hysteresis loop, showing magnetostrictive strain in response to a magnetic field for a sample . . . , 
of Terfenol-D is illustrated in Fig. 12. 
. . .
Fig. 12: Full loop of magnetization [23] 
This property applies to a smart material and is useful when it is in the "blocked" state. In the 
further rotations of magnetic domains are possible [IS]. 
2.2.6 Blocked Force 
Chapter two 
modulus (at constant magnetic field), the cross sectional area and the length of the Terfenol-D 
element: 
Combining the last two equations with substitution of the stiffness, and also substituting 
magnetostrictive strain (1 =ALL) leads to equation of definition for a blocked force. 
There is an axial force which refers to the maximum amount of magnetostrictive stram that 
can be applied to a sample of Terfenol-D. This occurs at very high magnetic field strengths (at 
ha). According to this relationship the blocked force F ~ B  is proportional to the Young's 
modulus and the maximal strain at an applied magnetlc field. Blocked forces of about 
12000 N are achievable wlth a Terfenol-D shaft with a diameter of 20 mm and with a 
moderate magnetlc field [19]. 
2.2.7 Typical Optimization 
- 
All the above described material properties have highly variable characteristics due to the 
changing conditions during an operational cycle. To achieve the desirable functionality wlth 
accuracy, good controllability and high power density, a number of additional arrangements 
are required to optimize the performance of a Terfenol-D transducer. One of the typlcal 
optimizmg arrangements is to create a magnetic field with a permanent blas usmg permanent 
magnets, in order to operate in a region of the performance curve where the slope is at a 
maximum value. This condition is shown in Fig.13. 
Fig. 13: Typical optimization with magnetic bias 
The level of pre-magnetization depends on the transducer design and is usually about some 
. 10 kA/m. The other method of optimization is to apply a defined mechanical pre-stress which 
can cause rotations of magnetic moments in a way that they are aligned perpendicularly to 
. this applied stress. In this condition the smallest increase in the applied magnetic field will 
produce the greatest magnetostrictive strain. The applied mechanical pre-stress is not very 
large. 
It can be observed that larger magnetostrictive strains can be produced by the same magnetic 
field strengths when the pre-stress is increased. This is illustrated for Terfenol-D in Fig. 14. 
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Fig.14: Typical optimization with mechanic bias [similar to 24,25 and 501 
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For larger pre-stress values, another effect is observed. The e~e' iwfe~uired to overcome tbe 
prestress when producing a positive magnetostrictive strain becomes the dominant factor, 
. . I 
with the result that magnetostrictive strain becomes smaller for very large values of pre-stress. 
There is therefore a pre-stress value where the magnetostrictive strain reaches a maximum. 
The optimal pre-stress is the stress which causes the magnetic moments to be aligne 
predominantly perpendicular to the rod's longitudinal axis without introducing 
. 
that the work required to overcome it becomes overwhelming [25]. The butterfly curves, 
showing stmin versus applied magnetic field at various pre-stresses, as illustrated above, are 
- 
typically used to quantify the optimal pre-stress. The strain capability of a Terfenol-D element 
in a transducer can be increased by factor -3 as a result of the correct pre-stress selection. The 
pre-stress is applied using a spring. There is interdependence between the choice of magnetic 
bias and mechanical pre-stress, with one factor having an effect on the other. The choice of 
magnetic bias and mechanical pre-stress is investigated in several studies. A general overview 
of this effect is given in reference articles [24,25,38,39 and 401. Furthermore, the impact of 
cyclic stress on Terfenol-D on durability has to be taken into account; some information can 
be viewed in reference article [35]. 
Further optimization, linked to 
manufacturing method [I71 or annealing process [26] to improve the material texture, which 
has an effect on the direction of the magnetic moments. Some additional optimizations are 
- feasible in terms of using a specific layout for the magnetostrictive transducer. It depends on 
. . , _  > 
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. . . . .  
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the exact location of the active coil and permanent magnet in the transducer. Typical actuator 
layouts, with their advantages and disadvantages, are depicted in Table 5 schematically. 
Table 6: Typical layouts in comparison [I, 21 
For a simple, cost-effective actuator with a high energy density the TC & TCM configurations 
should be given priority. Finally the required functionality, cost level and available 
packaging can have an influence also on the best actuator configuration. 
2.3 Applications of Terfenol-D 
Magnetostrictive technology has been successfuUy employed in low and high volume 
products. The magnetostrictive effects discussed in the previous sections have been put to use 
in several applications of Terfenol-D. The two main areas of Terfenol-D applications are 
actuators and sensors. The following section of this thesis gives an overview of typical GMM 
applications. 
2.3.1 Reaction Mass Actuator 
Etrema [27] has designed, built and validated an actuator device, which is capable of 
generating useful forces although it can operate over a wide bandwidth of frequencies. This 
particular reaction mass actuator was designed to operate over a bandwidth from 150 to 
2000 Hz. It was also able to generate a force of 4000 N or an acceleration of 30 g at the 
device's resonant frequency of 635 Hz [27]. Generating seismic waves with this actuator and 
analyzing the reflection provides an indication of underground and hidden structures and 
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formations. Fig. 15 shows a cross section of a reaction mass actuator. 
Fig. 15: Reaction mass actuator [27] 
One example of a further direct magnetostrictive microactuator has been introduced in the 
reference article [53]. The goal far this application was a structure in millimeter size with 
nanometer resolution. Axial force of 25 N and 3 micrometer in displacement at 1.5 A, and 
resolution of 250 nm per 0.1 A, has been achieved [53]. 
2.3.2 A standard Terfenol-D Actuator 
Etrema also designed, build and validated several other actuators for different purposes. An 
actuator with its layout depicted in Fig. 16 is available off-the-shelf, giving displacements up 
to 25 Opm and forces up to 2,200 N, and operating at frequencies up to 2500 Hz. The 
operational temperature of this actuator is typically in the range fiom -20 "C up to +I00 "C. 
In addition, ultrasonic actuators for higher kquencies are available. Other types of Terfenol- 
D actuators have been developed by Cedrat Recherche [14]. 
Page 24 
Preload 
Springs 
/ 
Fig. 16: Standard actuator [14] 
2.3.3 Linear Motor Based on Terfenol-D (Worm Motor) 
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nergen, kc .  US]: has bdrit'a co mear motor based on the smart &&ena 
Terfenol-D. The central feature of this linear motor is arod of Terfenol-D surrounded by an 
electric coil which, when energized, causes the rod to elongate. The actuator is mounted 
between two clamps. By operating the actuator and the clamps in an appropriate sequence the 
rod of smart material moves forwards or backwards. Fig. 17 shows the principle by which the 
functionality is achieved. 
, , 
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Fi : Worm m 
In the fust step the power is off and both ends are clamped. Then one of the clamps is 
released by energizing (step 2) and after this by energizing the actuator coil (step 3) the front 
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end of the rod is moved forwards due to the elongation of the Terfenol-D. During this 
elongated condition the forward clamp is closed to hold the rod (step 4). Then the rear clamp 
is energized to allow movement (step 5). Next in the sequence the actuator c o ~ l  is switched off 
and the rear end of the rod moves forwards (step 6) In the last sequence the rear clamp is 
closed again to provide the full hold force capability. This arrangement achieved very 
accurate co~ltrol of position to within a few m~crons over a total stroke length of 20 mm. The 
holding f o r ~ e  capabihty was up to 3000 N [15]. A similar application of the worm motor has 
been mtroduced in a micro mobile robot [34]. 
2.3.4 Terfenol-D in Sonar Transducers 
A good sonar transducer should produce high mechanical power at low frequencies. Often an 
additional trade-off must be achieved between a broad bandwidth of operating frequencies, 
and a low quality factor Q [6]. The original, widely employed, transducers based on nickel, 
with a magnetomechanical coupling coefficient of 0.3, have been replaced by newer 
technology based on the newer magnetostriction materials In fact Terfenol-D transducers are 
able to operate with high mechanical power and at low frequencies because their 
magnetomechanical coupling coefficients can be as high as 0.8 and their quality factor Q is 
low. Fig. 18 shows various types of transducers. Layout a) depicts the typ~cal Tonpllz sonar 
transducer which can operate over a bandwidth of 200 Hz at the resonant frequency of 
. 2000 Hz (Q=10) and a source level of 200 dB [6]. Layout b) and c) from reference [6] show 
various designs to convert the linear motion of Terfenol-D into appropriate controllable 
vibrations. Further details for various applications are given in the references [6 and 91. 
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Fig.18: Sonar transducers [6] 
2.3.5 Terfenol-D Wireless Rotational Motor 
A structure has been developed to convert the elongabon movement of a magnetostrictive 
material into a rotary motion to form a micro-stepping rotary motor [28]. The principle of 
operation is based on "Inch worm" functionality. A prototype based on this technology 
provides high torque and precise positional control in a power-off self-blocking arrangement. 
The magnetostrictive micro-stepping motor consists of two sets of pole pairs, and two sets of 
driving elements, which work m engagement and disengagement sequences to enable the 
micro-stepping movement Part of the energy is stored m u-shape springs between the pole 
- pairs. A prototype with dimensions of 260 x 115 x 108 mm was capable of producing 
12.2 Nm torque at 0.5 rpm rotational speed using 600 W power. The stepping resolution 
achieved was 800-yrad. More details are depicted, analyzed and discussed with test results in 
reference [28]. Fig. 19 shows the layout of the micro-stepping rotary motor. 
Fig. 19: Rotational stepping motor [28] 
2.3.6 Terfenol-D Electro-Hydraulic Actuator 
Magnetostriction can be used in linear motion actuators in combination with conventional 
technologies like hydraulic technology. Small elongations, added step-by-step, can be used as 
the working principle in a simple pump for high pressure fluid flow. A system combining the 
magnetostrictive functionality with hydraulic non-return valves has been introduced in 
reference [29]. The system consists of a magnetostrictive pump, a hydraulic flow distribution 
sub-system, a sub-system to convert hydraulic energy (pressure [Pa] x fluid flow [m3/s]) into 
mechanical energy (force [N] x movement [m]) and control electronics. Fig. 20 depicts the 
structure of the magnetostrictive pump. A prototype using this smcture achieved an 
operational pressure of 4.2 MPa and a fluid flow rate of more then 3 Umin 1291. The 
simplicity, high power density and fast response are very promising. More details with a 
discussion of testing and simulation results are published in reference article [ 
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Fig. 20: Electro-hydraulic actuator [29] 
2.3.7 Wireless Linear Micro-Motor 
Various types of standing-wave ultrasonic motors have been developed at Cedrat Recherche. 
This is one of the magnetostrictive film applications. The linear micro-motor is achieved as a 
self moving silicon plate w~th  small magnetostrictive films applied to its surface. The major 
advantage of using a smart material hke Terfenol-D is that actuation can be ach~eved without 
contact using a magnetic field produced by an electric coil which could be located some 
distance from the moving parts. The applied magnetic field produces a resonatmg flexing 
shape; this leads to the vibration of the plate and causes a motion of approximately 10- 
20 mm/s [I, 2 and 121. A similar principle is used in a rotational motor. At a 20 mT excitation 
field the typical perfonnance is a rotating speed of 30 rpm with a torque of 1.6 pNm. Fig. 21 
shows the functional principle of the thin film actuator based on magnetostrictive materials. 
Bageet~s te i f&iVr  thin fiLaq 
/ "I.., S i l i c o n  Biaea 
Fig. 21, Magnetostrictive thin film actuator [12] 
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Further micro-pump mechanism, based on magnetostrictive films, has been introduced in 
reference art~cle [47]. 
- 2.3.8 Other Magnetostrictive Film Applications 
Coating methods suitable for Terfenol-D and other magnetostrictive materials have been 
developed for a number of applications based on using the magnetostrictive properties of the 
film. Sputter-deposited magnetostrictive films are used in actuators in microstructures to work 
m simple, cost-effectwe, contact-less arrangements at high operational frequencies [30]. 
Depending on the composition and sputtering conditions a strain of up to 700 ppm at 0.5 T for 
TbDyFe is achievable. Various layouts of cantilever-type and membrane-type microsystems 
have been published in recent years. Lateral pattering of the magnetostrictive film is essential 
in order to obtain large and predictable deflections. The deflection of a double-clamped 
cantilever produces a curvature of the substrate, which can be either convex or concave If 
only one side is coated the deflection under the magnetic field is predictable and can be 
controlled for different purposes. A possible structure for a control valve is shown in the 
following figure, Fig. 22. The coated area of the bilaterally fixed transverse substrate 1s shown 
in colour The arrangement has the advantage that the fluid flow could be controlled contact- 
less to moving parts by a magnetic field, and a prom~sing functionality can be obtained using 
this micro-valve structure I1,2 and 301. 
OUTLET OUTLET 
INLET lNLET 
VALVE CLCISED VALVE OPEN 
Fig. 22. Thin film application in valves [30] 
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2.3.9 Magnetostrictive Contactless Torque Sensors 
The h~gh efficiency in converting magnetlc energy into mechanical energy, and vice versa, 
enables magnetostrlctlve technology to be used in contact-less sensor applications. In these 
applications the Wiedemann, the V~llari, the AE and the Matteuci effects are used to detect the 
measurable magnetostrictive changes and so to provlde quantifiable data on stresses, forces or 
torques. Changes in mechanical properties like stresses and strains produce predictable 
changes in magnetic properties in magnetostrictive material. In the sensor applications 
mechanical energy changes generate magnetic energy changes. Often pick-up coils 
surrounding the magnetostrictive material are used to detect changes in permeability 
properties and electronics are used to convert, filter and amplify the basic data to produce data 
on strains and stresses, which in turn give estimates for loads (pressure, force, torque) In the 
following Fig. 23 a) [12] a sensor based on magnetostrictive technology has been sketched. In 
this application torque was applied to the shaft, and shear stress is generated along the length 
of the shaft. This also produces tensile and compressive stresses in the directions of +I-45" to 
the longitudinal shaft axis. The two stress vectors are oriented 90" to each other and have 
opposite signs (to indicate tensile and compressive stresses). When the shaft contains a 
magnetostrictive material, or has a collar containing a magnetostrictive material attached to it, 
the magnetic permeability measured along these directions will change. Changes in magnetlc 
flux can be measured without any phys~cal contact being necessary using the Hall Effect or 
* 
with perpendicular coils. Appllcat~ons hke this have been developed and are close to a 
posslble high volume applicat~on m the automotive area. Another type of contact-less sensor 
application is shown in Fig. 23 b) [12]. The principle is based on the change of permeability 
due to shear stress. For less sensitive measurements, i.e. for restricting the torque, less 
expensive magnetic steels or alloys can be used In the diagram the torque in the drill shaft is 
measured by two pick-up coils connected in series. One coil is located over the flutes and the 
other over the shank The permeability change of the shank is less sensitive to the torque 
change than the permeability change of the flutes. An addit~onal excitation coil provides a 
magnetic field, while the sensor output is the difference in voltage from the two pick-up coils 
due to the different permeability sensitivity of the shank and flutes. More details and linked 
references are glven m reference article [12] 
Fig 23: Contactless sensor application based on magnetostrictive materials [12] 
Another example where the inverse magnetostrictive or magnetoiinpedance effect is used in 
sensor applications is the remote-interrogation strain gauge [3 11. When using the inverse 
magnetostriction effect, it is common to use films of magnetostrictive materials or amorphous 
multilayer of these materials. The instruments operate at frequencies in the range from 
10 MHz to 8 GHz [3 I]. The remote-interrogation principle is shown in following graph. The 
high frequency allows the sensor antenna to be small in size and a broad bandwidth of 
frequencies can be used to produce valid measurements. Basically the change in mechanical 
stress (or strain) produces a corresponding change in the AC-permeability of the strained I 
stressed material. The use of a magnetostrictive material with a high efficiency in converting 
mechanical energy into magnetic energy increases considerably the sensitivity at high stress 
when compared with more conventional strain gauges sensors. Fig. 24 shows the remote- 
lnterrogatlon fimctionality principle [31] for sensor applications in two configurations. In 
configuration a) the sensing element is wrapped around a core containing the magnetostrictive 
material and in configuration b) the sensing element is coated wth a film of a 
magnetostrictive material. 
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a) &lt.enrm structure with magnetoelastic cure 
This list of applications is not comprehensive but gives on overview of applications based on 
magnetostrictive materials, mainly on Terfenol-D, with a potential for high volume 
production It illustrates the area of the greatest interest for many research projects. Several 
companies and universities are involved in research areas closely related to magnetostriction, 
especially related to materials like Terfenol-D. Applications such as micro-positioners, fluid 
mjectors, active damping systems, helicopter blade control systems, as well as some hybrid- 
- 
applications using a combinahon with piezoelectric effects have been introduced into the 
public domain. 
b) Mog~etoelnstic Uli~lfil~n OT wire 
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The Magnetostrictive (MS) technology is one of the older "newcomers" coming to the market 
at high speed. Magnetostrictive technology has been successfully employed in several 
automotive and non-automotive applications The market readiness is growing for 
magnetostrictive applications with more intelligence in the functionality keeping with, or even 
improving on, the simplicity of the operating system. Features of magnetostrictive 
applications like power density, accuracy and dynamic performance are excellent catalysts for 
the implementation of the technology in high volume applications. Since some active 
materials like Terfenol-D have been developed with stable characteristics over a wide range 
of temperatures and have a high magnetoelastic coefficient, interests in the technology is 
Fig. 24: Sensor applications, similar to [31] 
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Chapter Three 
Literature survey of magneto-rheological (MR) technology 
3.1 Rheological Background of the MRF Technology 
Rheology IS the study of flow and deformation. Flow capability and deformatlon, which is 
either elastic or plastic, have common features and the study of both subjects must overlap. In 
a conventional application with conventional liquids i.e. a hydraulic pump or damper the 
charactenstlc depends on viscosity and the viscosity change of viscosity with temperature. 
Because of thls, temperature would normally be considered as an uncontrollable feature. 
There are two ways of expressing the viscosity - dynamic and kinematic viscosity. Dynamic 
viscosity 11 IS defined by: 
In th~s  equation q is in [Pa,s] , the .I [Pa] is the shear stress and the y' [ l l s ]  is the shear rate. 
Kinematic viscosity u [m2/s] is defined by following equation: 
- In thls equation p is the density in [kg/m3] and q is the dynarnlc viscosity The temperature 
dependency of the conventional fluid i.e. sllieon oil or mineral oil is defined by 
- approximation: 
The factors A and b are experimentally defined for specific liqulds, 0 is temperature In "C. 
Newton evaluated the relationship between shear stress and shear rate for various materials. In 
the case of water this relationship is linear. The common name for such a fluid is a NewtonIan 
flu~d. For a Newtonian fluid the dynamic viscosity has a constant value. Typical relationships 
between shear rate and shear stress, and the corresponding relationships between dynamic 
viscosity and shear stress for various fluids are shown in Figure 25. In add~tion to the 
graph~cal representation, equations have been developed to quantify the relationships between 
these rheolog~cal parameters. In these equations, k and n are characteristic parameters 
- 
describing the rheological behaviour of the particular fluld. 
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Fig. 25: Different types of fluids models [74] 
The relationship between the shear stress, v~scosity and shear rate depends on the fluid type. 
In the case of the black curve marked with the small letter (a), the fluid can be recognised as a 
Newtonian fluld. The viscosity does not change despite d~fferent shear rate values, and the 
shear stress has a linear relationship with the shear rate. The representative fluid with this 
behaviour 1s water. In the cases of curves (b) and (c), the shear stress has a reduclng @) or 
increasing (c) dependency with shear rate There is an analogous relationship between 
viscosity and shear rate, wh~ch corresponds to each of these fluid behaviours The 
representative fluids with these behaviours are ketchup tooth pastes, etc. The curve (d) 
describes behaviour, which is close to the behaviour of MRF. The rheological behaviour of 
-MR flulds, where no magnetic field is present, is very similar to the pattern of the carrier 
fluids, except that the metal powder content of the MR fluid makes the liquid slightly 
"thickern[65,66 and 681. 
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Fig. 26: Shear stress against shear rate for various fluids 
Fig. 26 shows the typical relationship between shear stress and shear rate for a Bingham fluid 
and compares this with a Newtonian fluid. It is recognised that the Bingham model is valid 
for use in describing the rheological features of an MR fluid [65,66 and 681. When a 
magnetic field is not present an MR fluid behaves like a Newtonian fluid. When a magnetic 
field 1s present, the MR fluld shows a characteristic of Bingham fluids. At zero shear rate 
there is some resistance to flow. The force causes a plastic deformation, but there is no 
continuous movement. In this condition, the maximum stress, which can be applied without 
causing continuous movement, is the yield stress and this is a function of the magnetic field 
strength. For an MR fluid, the yield stress can be controlled, increasing or decreasing with the 
strength of the magnetic field. 
In the magnehc field each metal particle becomes a dipole (North 1 South) and there is a 
tendency for a chain to be created with neighbowing particles. The chains have a mechanical 
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resistance to the fluid flow, and because of thls the viscosity of the fluid increases. In the 
magnetic field, the particle chams are structured according to the pattern of magnetic flux 
paths. The mechanical resistance to flow of this cham structure can be controlled by the 
- magnetlc field strength and results in viscosity changes from free flowing liquid to a seml- 
solid condition. The MR effect is reversible. When the magnetic field is removed, the original 
condition of the liquid is re-established. The magnetic field controls the level of the MR 
effect. The magnetic field requlred to impose this control depends on the fluid formulation, 
especially on the quality and quantlty of the metal powder. To increase the yield stress 
capability it 1s necessary to have a higher percentage of metal powder and larger particles to 
support the chain structure. The yield stress capabihty also depends on the magnetizat~on 
characteristics of the fluid. This magnetization is expressed as the Flux denslty, B (Tesla) as it 
vanes w~th  the magnetlc field strength, H (Ah).  It depends on the concentration of metal 
powder m the liquid and on the actual nature of the material m the particles. MR fluids based 
on carbonyl iron are capable of operating with yield stresses of 100 kPa. In order to have a 
predictable behav~our it is recommended the equipment should be operated in the linear 
section of the B= f (H) curve, and it is better if the hysteresis effect is very small. Detailed 
design must manage a trade-off between mechanical, magnetic and rheological factors. 
Depending on the fluid flow and on the rheologlcal stress, there are three d~fferent modes of 
MRF operation. the Direct Shear Mode, the Valve Mode and the Squeeze Mode. The basic 
working principles of each of these are shown in Table 7 
Table 7: MRF operational modes 
- r n i i  
Valve mode Shear mode Sqrieeze mode 
I 
Functional 
princ~ple b?. r'j 
--j %>A* t~ 
?4i.,l - py 
. ..:, , - 
I 
I 
'L,-,!?+c I??=. F: I F.r° S 
f@cn 
.*A> 
~irr I,?' 
. ~. I-aaem,Mr 
Chapter three 
3.2 MRF Components 
A Magneto-Rheological-Fluid is a fluid with rheolog~cal behavior which depends on the 
strength of a magnetlc field The rheological status changes revers~bly from liquld to the solid. 
The Greek word "rheos" means flowing and rheology is the science of deformation behavior 
of materials which are able to flow. Normally the rheological property of viscosity changes 
with other physical properties, such as chemical coinposltlon, shear stress and temperature. 
These features are not easily controlled in most appl~cations because they are fixed by the 
environment in a particular situation. In the case of all fluids the variation of viscos~ty with 
temperature IS reversible but this does not allow the viscosity to be controlled easily. In the 
case of MR the fluid viscosity becomes intelligently controllable using the magnetic field. 
T h ~ s  change of viscosity up to the solid condition is reversible and IS the bas~c  feature of MRF 
technology. The MRF effect is the difference in rheolog~cal properties with and w~thout a
magnetic field. 
There are basically three components in an MR fluid: basic flu~d, metal particles and 
stabilizing additives [I,  2, 65-79, 561. 
The Basefluid has the funct~on of the carrler and naturally combines lubricat~on ( ~ n  
combination with additives) and damping features. For the highest MRF effect the viscosity 
of the fluld should be small and almost independent of temperature. In t h ~ s  way the MRF 
effect will be the dommant effect when it is compared with the natural physical viscosity 
varying with temperature and shear stress Bas~cally In the off-state (without any magnetic 
effects) MR flu~ds behave like the base fluid in accordance wlth their chemical compositions. 
There are different types of liquid wh~ch can be used as the carrier f lu~d i.e. hydrocarbon o h ,  
m~neral oils or sillcon oils As with any type of particle suspended in a flu~d, the base fluid 
w ~ l l  have a higher viscosity when the concentration of metal particles is very high The fluid 
will appear to be "thicker" [69]. So even in the off-state, the fluid with the powder will have 
an Increased viscosity. Usually the dynamlc viscosity 11d at ambient temperature is around 
100 mPa [68,71] 
In the on-state (with a magnetic field in place) the Metalparticles are gnided by the magnetic 
field to form a chain-11ke structure. This chain-like structure restricts the motion of the flu~d 
[68] and therefore changes the rheological behavior of the fluid. The MR-effect is produced 
because of this resistance to flow caused by the cham-like structure. The metal particles are 
usually made of carbonyl iron, or powder iron, or iron1 cobalt alloys to achieve a high 
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magnetic saturation. The amount of metal powder in MRF can be up to 50% by volume [I, 2, 
65-80]. The particle size is in the p-meter range and varies depending on the manufacturing 
processes. The particle size can be chosen to achieve various purposes. In the case of carbonyl 
iron the particle size ranges betwcen 1-10 p-meter. Larger particles and higher fractions of 
powder in the MR fluid will provide higher torque in the on-state, but at the same time the 
viscosity of the MR fluid in the off-state will also be higher under these conditions. The 
mater~al specification, especially the permeability IS also a very important factor for 
controlling the MR-effect. 
The additives include stabilizers and surfactants [70]. Additives are suspending agents, 
thixotropes, friction modifiers and anti-corrosion/wear components. Highly viscous materials 
such as grease or other thixotropic additives are used to improve setthng stability [76]. 
Ferrous naphthanate or ferrous oleate can be used as dispersants and metal soaps such as 
lithium stearate or sod~um stearate as thixotropic additives [77]. Additives are required to 
control the viscosity of the liquid and the settling rate of the particles, the friction between the 
particles and to avoid the in-use thickening for a defined number of off-duty cycles. 
All three components define the magneto-rheological behavior of the MR fluid. The total 
denslty depends on the formulation and is approximately by 3-4 glcc. The change of one of 
the MRF components will lead to rheological changes (in the off-state) and to magneto- 
rheological changes in behavior (in the on-state) . Finally a trade-off between the achievable 
performances of all three components in combination is required in order to optimize a 
formulation. 
Therc are some similarities betwcen MRfluids and Ferrofluids. The magneto-rheological 
behaviors of the two types of fluid are different because there is a dlffcrence in both the 
quality and the quantity of the metal powders. Common to both is that they contain iron 
part~cles, a basic fluid and addltlves. The main difference is the size, the quantity and the 
quality of the iron particles. In the case of MR fluids the iron particles are large, larger than 
1 pm. In the case of Ferrofluids the iron oxide particles are much smaller, about 30 nm [69, 
791. With MRF there is a change of state from liqu~d to solid when a magnetic field is 
switched on, whereas a Ferrofluld remains liquid even in a high magnetic field [69,72]. In the 
Ferrofluid effect the strong yield stress behavior is almost nonexistent, whereas it is the ability 
to create the chain structure in MR fluids with mechanical resistance to flow which is of 
paramount importance in the MRF effect. Carbonyl iron based MR fluids are able to develop 
yield stresses of 100 kPa, but a typical yield stress for a Ferrofluid is 10 kPa. The viscosity 
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dependency due to a magnetic field in a Ferrofluid is a secondary effect. The main Ferrofluid 
effect is to guide and attract the fluid according the magnetic field intensity. Ferrofluids are 
very stable due to the particle sizes. The particles are also less abrasive than is the case for 
MR fluids. 
The above description indicates the differences between the two types of fluid in terms of 
functionality. It is also possible to differentiate between MRF and ERF using the proportion 
between the Brownian thermal and the magnetic energies for mdividual particles. The thermal 
energy can be expressed as follows. 
In this term k is the Bolzmann's constant 1.38 ' JIK and T is temperature in K. The main 
desirable feature in MRF is to control the shear stress. In the case when the magnetic energy 
is bigger than the thermal energy, the shear stress can be controlled. Otherwise the thermal 
energy is bigger and the magnetic energy would just guide the particles according to the flux 
density. An overview of representative features is shown in Table 8. 
Table 8: MRF versus Ferrofluid [I, 2, 65-79,561 
Representative Feature 
Relation between magnetic Magnetic energy is higher 
and thermal energy than the thermal energy  
/Max. Yield Stress I 100 kPa 
Ferrofuid 
Thermal energy is higher 
than the magnet~c energy 
/Particle size some pm some nm I 
I 
iron oxide Particle material 
/Fraction by volume 1 up to 50% 1 up to 10% 1 
carbonyl iron 
Functionality p- 
I I 
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Stability medium good 
3.3 MRF Operational Modes and Applications 
Depending on the fluid flow and the rheologlcal stress there are three different modes of MRF 
operation: Direct Shear Mode, Valve Mode and Squeeze Mode. 
. 
3.3.1 Valve Mode 
The valve mode as an operational mode is used in dampers, shock absorbers and is shown 
schematically in Fig. 27. 
Magnetic Field 
- t Stationary plate 
Flow 
- 
I Stationary plate 
Fig. 27. Valve Mode 
The pressure drop created in this mode e.g. in a damper, is the sum of the viscous (pure 
rheologlcal) component A P r  and the magnetic field dependent (magneto-rheological) 
component A P,", The level of this pressure drop 1s defined using the follow~ng 
approxlmation: 
In the viscous component in this equation q [ P a . s ]  is the dynarn~c viscosity, Q [m3/s] is the 
flow rate and L, w, g [m] are the geometric length, width, gap size of the flow channel 
respectively. In the magnetic field dependent component z,, [N/mmz] is the yleld stress 
developed mresponse to the applied magnetic field, L, w, g [m] are the same geometry data 
as in the rheological pressure drop part. 
The other factor f [-I (no units) 1s an empirical factor and is determined experimentally. It is 
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necessary to explain the difference between the observed pressure drop M and the pressure 
&op calculated from rheological principles alone A Pr  . The A P ,  term of Eq. 21 is valid for 
rectangular ducts. In case of circular ducts with radius r, A P ,  is described with the following 
equation' 
The pressure drop due to magneto-rheological principles AP,,  is clearly dependent on the 
yield stress developed in response to the apphed magnetic field and to the above geometr~cal 
data, but there are also other factors which have an effect on this pressure drop, and the 
influence of these other factors is represented by the empirical factor f [-I. The factor is found 
experimentally to be dependent on the proportion of the purely rheological pressure drop to 
the total observed pressure drop. To differentiate the two extreme regimes of operation there 
is Eq. (23) defmed 
In the case that the proportion factor from Eq. (23) is below 1, the factor fl-] is equal to 2. In 
the case that the proportion factor from Eq. (23) is below 100, the factor f[-] is equal to 3 [67]. 
Equation (21) could be used for the design of MRF applications in valve mode. Using this 
- 
equation the minimum active fluid could be established as: 
This minlmum of fluid is required to achieve a desired MRF effect at given flow rate Q with 
the specified pressure drop. 
The Rheonetic linear damper shown below is designed for use as secondary suspension 
element in on- and off-highway vehicles [67]. This application is a damping control unit and 
is one of the first applications of MRF in automotive industry. A magnetic coil integrated 
- into the piston of the damper generates a magnetic field and this magnetic field regulates the 
MRF flow resistance within the damper. Fig. 28 and Table 9 show the application features for 
. 
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this mode related with damper applications Some values have been approximated. 
Fig. 28: Functional principle of MRF damper [65-691 
Table 9: Valve mode features [65-691 
Application features 1  heo one tic^^ (seat suspension damper) / 
/Shear stress level 
Operational mode 
I Shear rate level 
Valve mode 
/Packaging 1 ~iamete r  35, length 100 mm 1 
Power level in the application 
Active fluid volume C
I 
Operational input energy 
Using this simple mechanical principle the damping arrangement becomes controllable and 
the vibration transmission and excitation frequency for a suspended seat could be adjusted 
4 Watts (1 A, 4 V) 
Total fluid volume 
MRF Ratio (Fon / Fon) approx. 
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50 ml 
2200 N / 400 N = 5.5 
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accordingly. Proper choice of MRF parameters extended to seat suspension could eliminate 
any resonance problems and allow the system to be isolated from hrgli frequencies [67]. Slnce 
2002 the valve mode is used in the damper from automotive vehicle suspensions by GM 1 
Delphi. Further application of the valve mode, has been presented in the reference article [64] 
and article [75]. These MRF applications bring additional functionality whilst keeping the 
simplicity. Other possible MRF applications using this mode are dampers for knee prosthesis, 
vibration dampers, seismic dampers for civil industry, active engine mounts and propshaft 
mounts. 
3.3.2 Direct Shear Mode 
The second operational mode is the direct shear mode. The direct shear mode is used in 
brakes, clutches and is shown schematically in Fig. 29. 
Magnetic Field 
Speed 
r 
MRF 
Stationary plate 
Fig. 29: Direct Shear Mode 
The total force in the shear mode could be spht into viscous @ure rheological) component F, 
and the magnetic field dependent (magneto-rheological) component F,,. The total shear force 
is defined through the following approximation: 
In this equation q [Pas] is the dynamic viscosity, S [ds ]  is the relatlve speed, A=L w is the 
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working interface area and L, w, g [m] are the length, width, gap size of the flow channel 
respectively. In the magnetic field dependent component z, [N/mmz] is the yield stress 
developed in response to the applied magnetic field and A=L w is again the working interface 
area. 
Equabon (25) could be used for design of MRF applicabons in direct shear mode. Using this 
equation the minimum active fluid can be established: 
[F"1 
This minimum volume of fluid is required to achieve a desired MRF effect [Fm,]  at given 
speed Swth  the specified drag torque. 
Fig. 30: Functional principle of MRF brake [65-69,791 
The brake, shown in Fig. 30, contains just a few parts: shaft, bearings, seallng devices, 
housmg with coil, interface disc and MRF. The simplicity and ease of control makes them a 
,@st effective choice for a controllable exercise equipment [67]. A MR fluid brake is currently 
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being manufactured and sold a controllable resistance element for programmable aerobic 
exerclse equipment [67]. The Table 10 shows some MRF features related to the brake or 
clutch applications. Some values have been approx~mated. 
Table 10: Shear mode features [65-69, 791 
I Application features I  heo one tic^^ (exerc~se brake) i 
I Operational mode I Shear mode or called d~rect-shear mode I 
I 
Shear stress level 100 kPa 
1 Shear rate level 1 
/Operational input energy I - 10 Watts (0.8 A, 12 V) I 
I 
I Power level in the applicat~on 7 0 0  Watts I 
Packaging 
I 
Act~ve fluid volume (-5 ml 
Diameter 92, length -35 mm 
A M h e r  application usmg the shear mode has been presented in the reference paper [83]. 
Torque level of approximately 8 Nm at 4 Amps without a significant speed dependency has 
been achleved Another coupling with opt~mlzed magnetic properties has been discussed 
reference paper [73]. Torque level of approximately 12 Nm at 8 A has been achieved [73]. 
The d~rect-shear mode and the valve mode have been studied m detail. Applications using 
these modes are today already present in many automotive products. The init~al unrecognized 
Issue of in use-th~ckening has been solved. Good MR fluids show no measurable th~ckening 
m-use after more than 10 mill~on cycles m the MotionMaster TM RD-10005 damper [66]. 
The degree of deterioration of the MR fluld depends on the apphcation parameters like shear 
rate, temperature and duration of operation. The total amount of MRF dissipated energy, 
which can be controlled by the MRF unit, is defined by the following equation [66]: 
Total fluid volume 
MRF Ratio (Ton I Toff) approx. 
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5 ml 
7 Nm 10.25 Nm = 28 
where V[m3] is the total MRF volume in the application and P[W] is the mechanical power 
converted to heat in the MRF unit. The Llfetime Dissipated Energy "LDE" is the total 
mechanical energy dissipated per unit volume of MRF over the lifetime of the device [66]. 
Today's MRF applications are operating within the LDE range of approximately 3 MJ/cm3. If 
the LDE limit is exceeded, the MR fluid becomes thickened to a level where the MR effect is 
no longer sigmticant enough to be considered as a controllable feature. The next steps in MRF 
development will be the conversions of various other conventional applications into devices 
using MR principles. There is also a need to develop fluids for the high shear regime &om 
lo4 l/s to lo6 US, with acceptable values of the LDE being higher than lo7 J/cm3. 
Observing patent databases and other information in the public domain it is clear that many ,: . , .A . .. 
feasibility studies are on-going where MR teclmology is being considered as a competitive 
technology for the fimne. Excellent features like simplicity, fast response, simple interface 
etween electrical power input and mechanical power output using a magnetic field, and the 
controllability make the MRF technology the future technology for many applications. . . .  .. .. , I 
. . .. 
. . .. 
.. . 
However some application requi~ements are challenging the capabilities of the direct-shear s:~i, '. , :: " 
:, 
, .  . . . 
mode and the valve mode, especially regarding the MRF-ratio. In some applications ahigher : . ... . 
ratio of the MRF effect is required to meet the specifications. 
additional operational mode feas 
d mode, called squeeze mode, is less well studied than direct-shear mode and v 
This mode of operati 
Fig. 3 1 : MRF in squeeze mode 
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Some small-amplitude vibration dampers use this mode. For small motions, this mode seems 
to offer the possibility of very large forces which can be controlled by the MRF effect [I,  78 
and 801. In one of the most recent theoretical evaluations of the squeeze-strengthen effect in 
magneto-rheological fluids [78] the operation of this mode is described. It is suggested that a 
yield stress could be achieved which would be ten times as large as that which is possible 
with either the direct-shear or the valve mode. Zhang et al. [78] evaluated theoretically and 
confirmed w t h  some experiments the higher capability of this specific operational mode. The 
higher yield stress under magnetic field means a higher ratio between on- and off- states. A 
stronger MRF effect in combination with advantages already described above would make 
MRF technology even more attractive and the technology of choice for the next generation of 
some automotive and industrial applicatlons. 
3.4 Remarks on MRF Technology 
The Magneto-Rheological-Fluid (MRF) technology is one of the old "newcomers" coming to 
the market at high speed. Various industries are full of potential MRF applicatlons. For every 
system where it is desirable to control motion usmg a fluid with changing viscosity, a solution 
based on MRF technology may be an improvement in functionality and costs. Simplicity and 
more intelligence in the functionality are key features of the MRF technology. Excellent 
features like fast response, simple interface between electrical power input and the 
mechanical power output make MRF the next technology of choice for many applicatlons. 
Direct shear mode (used in brakes and clutches) and valve mode (used m dampers) have been 
studied thoroughly and several products are already present in the market Future 
developments include an increase in the acceptable lifespan of MRF devices, in terms of the 
total energy dissipated from the device throughout its working lifetime, and fluids wlth higher 
shear regimes. 
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Chapter Four 
Actuator layout analytical calculations 
4.1 Actuator Introduction 
This study is about the design, calculation, simulation and experimental evaluation of "MS"- 
based actuator and a possible "MR"-based control anangement. The combination of "MS" 
and "MR" technologies is used in two different actuator layouts. The fust actuator layout is 
using two conventional check valves and the "MR"-based release valve for pressure c 
Fig. 32 shows the arrangement based on magnetostrictive actuation and simple 
magnetorheological control as release valve. 
uses a spring to represent the typical elasticity of a wet clutch. As the result of the actuation, 
observed. The "MS'-based actuator with check-valves combines the functionality of an 
electric motor and a hydraulic pump. The third sub-assembly is the "MR-based release 
valve. The MRF technology offers the controllable liquid valve with a simple interface 
between electric and hydraulic power. In this layout the micro pumping mechanism, caused 
by actuator piston movement and the one-way-valve arrangement, is used to increase 
pressure. The pumping action is achieved by micro-stqpping operations of the "MS"- actuator. 
- 
During the micro-stepping operations, the MRF control coil is energized with DC current in 
order to hold the pressure. To decrease the pressure the MRF conirol coil has to be de- 
activated by switching off the power. The extended version of the fully "MR" controlled 
actuator is shown in Fig. 33. 
Load 
Pipe (high pressure) - 
Pipe (low pressure) - 
Fig. 33: Alternative arrangement for the study 
This alternative layout does not contain check valves. The pressure build up is fully controlled 
by the "MR3'-based inlet and outlet valves. The operation of the valves in appropriate 
sequence to the "MY-actuator would enable the fully active increasing of pressure. At the 
starting point of the operation, no system is energized. Firstly, the inlet valve coil is 
energized. The outlet valve coil is not energized and the "MR"-fluid can pass through to the 
main piston Then the actuator coil is energized and the "MY-shaR elongates and introduces 
the fust step of micro pumping. At the point where the elongation is at maximum the outlet 
valve coil is energized and the inlet valve coil becomes no longer energized to enable the 
sucking of the fluid from the reservoir for the next pump sequence. This leads to the flow of 
"Ml2"-fluid into the working chamber area. As the result of the actuation, an axial force and 
. 
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movement of the main piston against the elasticity of the spring will be observed. 
A general power flow chart &om signal to power is sketched in Fig. 34. 
Fig. 34: Actuation flow chart 
Fig. 35 depicts the experimental actuator assembly based on magnetostrictive technology. All 
relevant experimental rig drawings are summarized in the appendix Al .  
Fig. 35: Cross-section of the actuator used in the study 
Fig. 36 depicts the w i n  content of the valve control hardware 802.000 based on magneto- 
rheological technology. In this arrangement, called valve mode, the magnetic field is 
perpendicular to the direction of fluid flow. All experimental rig drawings form the valve 
assembly are summarized in the appendix B. 
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Fig. 36: Crpss-section of the "MR" control valve 
More details about the design and instrumentation for the experimental rig are discussed in 
chapter 6. An alternative design of a "MR"-based orifice is shown in Fig. 37. In this 
arrangement, called orifice mode, the magnetic field is parallel to the direction of fluid flow. 
Fig. 37: Cross-section of the "MR" control orifice 
All shown assemblies of actuator and control devices have been calculated, simulated and 
designed for experimental rig evaluation. The experimental rig drawings form the "MR"- 
orifice components are summarized in the appendix C. 
4.2 Basic Performance Calculations 
The pump functionality is achieved by a sequence of micro-stepping operations. Fig. 38 
depicts the actuation sequence to increase to the maximum pressure in the micro steps. 
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- 
Total tlme t [msl 
Number of loops 
Fig. 38: Micro stepping hydraulic actuator 
4.2.1 The choice of mechanical load as reference for the study 
To test the functionality and performance of the proposed actuator layout, a specific 
mechanical load should be selected in order to provide a realistic reference. Various types of 
actuation, mechanical and hydraulic, are used today in the automotive area in wet clutch 
mechanisms. Fig. 39 presents a diagram showing the variation of force with axial 
- 
displacement in a typical wet clutch assembly. 
. 
~~ialforceverslls elastic deformation 
Plstoll mmment x (mm) 
Fig. 39: Axial force versus elastic deformation 
The work done during actuation can be calculated using the following equation: 
This movement is usually achieved in several actuation loops using conventional components 
like electric motbr with pump & piston or electric motor with reduction gem & ball ramp. The 
power required to energize the system depends on the time taken: 
Xo 
Typical response time of the actuation system is a few hundred milli seconds. Fig. 40 depicts 
the main content of the referexe load assembly. 
Fig. 40: Cross-section of the load assembly 
. 
, , . ~  . 
. . .~ 
.... . 
.. ~ 
. 
. .. 
The common way to represent the realistic clutch elasticity is to use a belleville spring with 
similar elasticity to a clutch pack. The hydraulic piston used in the assembly has the out- 
diameter of 115 mm and inner diameter of 68 mm. Specific sealing devices (called "quad- 
ring" or '%-ring") have been used to seal the piston against the housing. The typical range of 
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the axial force is between 5 kN up to 30 kN. To achieve this axial force a fluid pressure of 
about 0.75 MPa up to 4.5 MPa will be required. The piston movement caused by elasticity of 
the clutch pack leads to the required volume of liquid which must be pumped into the piston 
housing. Typical piston movement caused by elasticity lies between 0.5 mm up to 1 mrn. This 
. 
elasticity will lead to 3378 mm3 up to 6755 mm3 of the required fluid. More details depend on 
specific design and further application details. Above calculated load data will be used as the 
realistic reference of the experimental evaluation for the proposed system. Based on chosen 
packaging for the actuator, lower pressure range will be the reference for the experimental 
evaluation. The experimental rig drawings form the load assembly are summarized in the 
appendix E 
4.2.2 Terfenol-D Shaft and MRF Capability Parameter Calculations 
Based on known actuation performance and packaging, a solid Terfenol-D shaft with 
diameter of 8mm has been chosen. A set of parametric calculations has been prepared in order 
to create a basis for the component design. MathcadProfessional-Software has been used for 
the following calculations. This calculation has been created considering the received 
specification from the manufacturer of the Terfenol-D shaft (Etrema Inc.). The Terfenol-D 
shaft length has been chosen as constant 67.5 mm and the magnetostrictive strain for the 
available experimental part has been specified to 800 ppm up to 1200 ppm. Fig. 41 shows the 
- 
length change of the magnetostrictive shaft versus magnetostrictive strain. 
Fig. 41: Length change versus strain 
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The output swain from the experimental shaft for the magnetostrictive actuator depicted in 
Fig. 35 includiig the dependency on frequency and pre-stress will be evaluated 
experimentally. Fig. 42 shows the characteristic and specification of the delivered Terfenol-D 
shaft. The shown data have been used as reference for the parameter calculation. 
. 
modulus varies between 25 GPa and 35 GPa. Fig. 43 shows the relationship between 
achievable operational force and both performance parameters, the upper limit of the 
magnetos.trictive strain that can be realized and the Young's modulus of the material under 
these conditions. Equation (15) descnies these tendencies mathematically. 
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Axial fmce versus strain 
9 
-EL 35.10 Pa 
I 
9 
-E=30.10 Pa 
9 
- 
-E-25.10 Pa 
strain a [ppral 
Fig. 43: Axial force versus strain and Young's modulus E as parameter 
The Terfenol-D shaft has a diameter of 8 mm, but when it expands it pushes against a pilot 
piston, which is in contact with the fluid via the elastic membrane. Details of the mechanical 
arrangements are depicted in Fig. 35 and in appendix A. Using the range of achievable axial 
force (15), where acceptable strain could be produced, the achievable pressure level can now 
be calculated. The achievable presswe range is presented in Fig. 44 with the s e e d  
Young's modulus. 
. .. 
. . 
. .. 
, . . .  'I. . 
... .~ 
Achieveable pressure versus strain 
9 
-E= 35.10 Pa 
9 
-E=30.10 Pa 
9 
-E=25.10 Pa 
1000 1100 1200 1300 
strein a kpd 
Fig. 44: Achievable pressure versus strain 
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The variation of the piston diameter can be used to adjust the pump displacement and the 
desirable pressure level. It is therefore concluded that this Terfenol-D actuator is capable of 
providing pressures in an acceptable range of those required in some applications kom the 
automotive industry. When the blocked force has been achieved, no significant strain could be 
produced. Therefore, the operational axial force should be lower than the blocked force. The 
blocked force will be evaluated experimentally. However, the final performance of the 
actuator system depends very much on strain capability and Young's modulus of the 
particular sample of delivered Terfenol-D shaft. Assuming the strain in the Terfenol-D rod 
when activated changes korn zero to some value between 800 ppm and 1200 ppm, the volume 
delivered by the stroke of the pump is defmed as product of rod elongation and cross- 
sectional area of the actuator piston. The actuator piston is the part which moves with the end 
of the Terfenol-D rod. Fig. 45 depicts the pump volume per loop when the piston will be 
moved by the end of the Terfenol-D shaft. 
Pump displacement versus strain 
200 
175 
Strain a [ppml 
Fig. 45: Pump volume p a  loop versus strain 
The final setup of parameters is a trade of achievable pressure and pump displacement. 
Packaging restrictions, limitation of electric current in the application and further parameters 
like operational frequency have to be taken into the account to freeze the particular design 
proposal. Fig. 46 shows the achievable flow rates at various frequencies of micro-step 
pumping. 
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Fig. 46: Flow rate versus fi'equeny with strain as parameter 
This graph has been plotted assuming the sinusoidal AC input power to the main actuator coil. 
The efficiency of the valve layout has been set up to 100%. It should be mentioned that the 
electric frequency of operating electric power is the half of the mechanical pumping 
fkquency. The doubling of the fkquency is based on the fact tbat the strain peak appears 
twice within one electric power frequency loop. Finally, a trade off between achievable strain 
. 
versus frequency performance and pressure level has to be taken into account. When 
describing the wet clutch system, it was calculated that the piston movement, called axial 
- 
displacement, is in the range of 0.5 mm to 1 mm. In order to be able to achieve this delivery, 
the Terfenol-D pump must be activated and de-activated a dehed  number of times and 
complete a certain number of loops. The number of required loops during the micro step 
pumping for the maximal engagement is shown in Fig. 47. 
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Number of pump larps [-I 
Fig. 47: Main piston displacement versus number of pump loops 
The complete number of loops must be carried out in the time required to activate the clutch 
mechanism. This time is about few hundred milli-seconds. Therefore the Terfenol-D pump 
must be ope.rated by an electrical current with a defined fiquency to achieve the specified 
pezformance. 
4.2.3 MRF Capability Parameter Calculations 
By using Eq. (21) h m  chapter three of this thesis the pressure capability of the valve mode 
could be analyzed. The cross-section on Fig. 36 depicts the content of the control 
anangement Fig. 48 shows the control arrangement with red marked gap area where MRF is 
working as a controlled valve. 
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MRF 
MRF working gap 
: flow MRF flow 
Fig. 48: Cross section of the control valve 
The detailed design of this control arrangement is summarized in the appendix B of this 
thesis. For the final design of this proposal, a number of iterative parameter calculations has 
been done in order to evaluate the achievable performance. In the arrangement shown in Fig. 
48 the magnetic field is perpendicular to the direction of fluid flow. An alternative for the 
control arrangement has been proposed and evaluated. In the alternative arrangement, called 
orifice mode, the direction of the fluid flow is parallel to the direction of the magnetic field 
Fig. 49 depicts the alternative design of the control arrangement as a controllable orifice. 
MRF flow 
Fig. 49: Cross section of the control orifice 
The coil bobbin intler diameter was designed to be equal to the orifice diameter. In this study, 
the MRF-132-AD and MRE-336-AG have been used. Fig. 50 depicts specitkation including 
achievable yield stress versus field intensity h m  hydrocarbon based MRE-132-AD. Fig. 51 
depicts specification includmg achievable yield stress versus field intensity h m  the silicon 
based fluid MRF-336-AG. 
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Yield Stress Versus Magnetic Field Intensity 
of Lord Corporation's Hydmcarbon-Based MR Fluid (MRF-132AD) 
Fig. 50: Supplier specitication of  reference MRF-132-AD [68,69 and 791 
Yield Stress Versus Magnetic Field Intensity 
of Lord Corporation's Silicone-Based MR Fluid (MRF-336AG) 
60 
54 
- 
a 
3 40 
Fig. 51: Supplier specii5cation of reference MRF-336-AG [68,69 and 791 
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Fig. 52 shows the relationship for achievable pressure in the MRF valve, shown in Fig. 36, 
versus the gap size using the yield stress range up to 45 kPa. The required magnetic field 
intensity to achieve the highest yield stress is about 200 kA1m. To calculate the pressure 
capabilities of this arrangement Eq. (21) has been used. The geometrical data fiom the control 
valve used for this parameter calculation could be viewed fiom the detailed drawing in the 
appendix B fiom this thesis. 
Achievable pressure versus MRF gap sue 
MRF' gap slze [mm] 
Fig. 52: Pressure versus gap size with yield stress as parameter 
The pressure drop in the rectangular channel caused by fluid flow Q [m3/s] through the gap g 
[mml with particular dynamic viscosity q LPa s] is defined with the following equation: 
Fig. 53 depicts the pressure drop through the valve considering the achievable flow rate has 
- 
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been shown in Fig. 46. Eq. (30) for the viscous component and the MRF 132-AD 
specification has been used. 
Viscous cmnponmt of p r r u r e  vmw gap 
MRPwriseCd 
Fig. 53: Pressure versus gap size at various flow rates 
The wall shear rate y~ [s-'1 in the rectangular channel can be calculated with following 
. equation: 
!P - 6 .Q 
1u. g2 
(31) 
Fig. 54 shows the results of calculations for the wall shear rate y~ [s-'1 in the rectangular 
channel in the MRF valve. The maximal speed, at the maximal flow rate of 20 X104 m3/s 
through the gap of 0.5 mm, leads to fluid speed below 1 d s  and to the Reynolds Number of 
approximately 50. Reynolds Number below 2000 (= velocity x dehsity x length I viscosity), it 
represents laminar flow [79]. For higher Reynold's Numbers, over 2000, the fluid flow 
becomes turbulent and could not be predicted with the presented equations. 
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Fig. 54: Wall shear rate \y [s-'1 in the rectangular channel 
I 
* In the arrangement shown in Fig. 37, the magnetic field is parallel to the direction of fluid 
flow. To calculate the pressure capabilities of this Pmanggient Eq. (21) has to be adjusted for 
., cylindrical shape of the channel. 
In the viscous component in this equation q[Pa.s] is the dynamic viscosity, Q [m3/s] is the 
flow rate and Lo and $[m] is the geometric length and the diameter of the flow channel. The 
factor f 1-1 (no units) is an empirical factor. The performance of this arrangement will be 
,# * evaluated experimentally. Fig. 55 shows the relationship for achievable pressure in the MRF 
orifice, shown in Fig. 37, versus the orifice diameter using the yield stress range up to 45 kPa 
. The required magnetic field intensity to achieve the highest yield stress is about 200 kA/m. 
Since this operational mode, oritice mode, has ncrt been studied yet, the factor f [-1 in Eq. (32) 
. 
Page 66 
has been set to value of 1. The geometrical data from the assembly used for this parameter 
calculation could be viewed from the detailed drawing in the appendix C from this thesis. 
Achievable pressure versus orifice diameter 
0 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 
- Drifie diameter [m] 
Fig. 55: Pressure versus onfice diameter with yield stress as parameter 
The pressure drop in the cylindrical channel caused by fluid flow Q [m3/s] with particula~ 
dynamic viscosity 11 [Pa s] 1s defined with the following equation: 
Fig. 56 dep~cts the pressure drop through the orifice considering the ach~evable flow rate has 
been showed in Fig. 46. Eq. (33) for vlscous component and the MRF 132-AD specification 
have been used for calculation. 
. 
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Viscous component of p s m  versus otifke W t e r  
Fig. 56: Pressure versus orifice diameter at various flow rates 
The wall shear rate [s-'1 in the cylindrical channel could be calculated with the following 
equation: 
1 Fig. 57 shows the results of calculations for the wall shear rate [s-'1 in the cylindrical 
channel in the orifice. The maximal speed, at the maximal flow rate of 20 m3/s through 
the orifcce of 1.5 mm diameter, leads to fluid speed of 11 m/s and to the Reynolds Number of 
approximately 1400. Reynolds Number below 2000 (=velocity x density x length / viscosity), 
it represents laminar flow [79]. For higher Reynolds Numbers, over 2000, the fluid flow 
becomes turbulent and could not be predicted with the presented equations. 
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Fig. 57: Wall shear rate y~ [s-'1 in the cylindrical channel 
From above shown parametrical calculations, it can be concluded that the MR control valve, 
shown in Fig. 36, is the favorite for this study. This conclusion is based on the fact that the 
valve layout shows higher achievable pressure than the orifice layout. Furthermore, the 
parasitic pressure caused bough h i d  flow and the wall shear rate in the proposed valve is 
lower than in the oriiice, shown in Fig. 37. 
The fluid flow rates through the pipes, MRF control valve and check valves have to be taken 
into account. High liquid flow through narrow areas leads to additional parasitic losses in the 
system. This diEiculty can be easily overcome using lower flow rates and therefore larger 
pipe diameter and gaps. On the other side, using larger gaps in the MRF control mmgement 
leads to a limitation of achievable presure. In the anaugment, shown in Fig. 32, an 
miniaturized one-way valves from Lee Incorporation will be used. A cross section with basic 
perfurmauce data is s h m  in Fig. 58. 
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Fig. 58: Check valve from Lee Incorporation [93] 
Common failsafe defimbon 1s that the system is pressure-less without power. The 
specification of the &+engagement hme, a few hundred mlli-seconds, is essenbal for 
compabbility of the actuator system in the automotive environment (ABSITClESP). Based on 
above determined parameter calculation, achievable pressure and parasitic pressure drop, the 
control valve shows significantly better performance in comparison with the orifice. Further 
capabilities related to magnetic field of both assemblies will be evaluated in chapter 5. The 
performance of both control assemblies with two different fluids, MRF-132-AD MRF-336- 
AG, will be evaluated experimentally. Both arrangements, shown in Fig.32 and 33, willbe 
- 
prepared for testing on the ng to con6rm the basic functionality and the analytical 
calculations with experimental results. 
Chapter Five 
Magnetic fieId calculation and simulation 
This chapter of the thesis is covering the magnetic field calculation and simulation for "MS" 
and "MRF" device. Various tools have been used to complete this approach. 
5.1 Electric circuit of the actuator system 
Due to control of applied current and voltage to the coil arrangement the magnetid field 
become controllable. The common way to actuate the magnetosttictive mechanism is  AC. For 
the control of the MiF coil a DC control is proposed. The general form of voltage versus time 
is depicted in P i  59. 
Voltage (AC) versus Time 
Fig 59: Alternative voltage verms the  telationships 
The magnetic field variation versus time for mic10-pumping leads to the required variation of I 
the electric power in the actuator and control coil. The most appropriate arrangement for the 
micro-pump functionality will be the SIN-form The arrangement with just PWM leads to 
additional sjmplieity ofthe he ofthe electronic components. 
Fig. 60 shows the behavior of an inductance in an AC power circle. An idealized inductor, 
pure inductance without any resistanoe, leads to a phase shift between the current and the I 
voltage. 
Page 71 
Fig. 60: Induct~r esponse in AC [22] 
Current logs voltage, and the 90" shift is a result of the idealized inductance with no 
resistance. Consequently the simple Ohm's low which applies only to a direct current, where 
current I js defined by: 
It has to be extended and a new term, the impedance is introduced instead of the resistance: 
The value Z is called impedance and differs for a solenoid coil in an AC circuit from the DC 
circuit. For the pure resistor the impedance Z is equal to R, but because of the contribution of 
. 
an inductor to the phase shift of 90" a vector relationship has to be considered. Fig. 61 shows 
this relationship graphically. 
Fig. 61: Impedance [22j 
In the Fig. 61, cp is the indication of phase shift between the voltage and the current, R is the 
resistance and XL is the inductance. The voltage is defined by: 
Chapter five 
l and the current is. 
In this new example the circu~t has both resistance and inductance, XL. The impedance is 
calculated as follows: 
where: 
and: 
where f is the frequency of the alternating current in Hz, and the inductance L of a coil can he 
calculated from the design of the coil and the properties of the materials: 
where M, the permeability of free space, and p 1s the permeability of the material, A, is the 
cross section of the inductor and N is the number of windings of the coil around the inductor 
and w is the length of the inductor. 
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5.2 The Magnetic circuitry for the magnetostrictive actuator . . 
. ~ .  
. i 
. 
. . 
. 
. ., 
A coil in an appropriate ferromagnetic housing is defined as the source of the magnetic field. 
.. .a 
. . 
..< 
. ~ 
l;, The layout of the magnetostrictive actuator was discussed previously and was depicted in Fig. . - . ~ . . . .   ! . , 
. . 
. . .. 
~. ,.. 
35. The chosen diameter of the Terfenol-D shaft is 8 mm and the length is 67.5 mm. This ,. ' . .,, . . .*:: .,.. . .. . , . , ~ ~  . . . . *  
selection has been based on the results of the parametric calculations presented in chapter 4. 
The magnetic field is the result of electric power flow, current I [A] and voltage U [V], 
through the actuator coil. The coil is wound around the Terfenol-D shaft and the magnetic 
,.  ~ . . . field is therefore parallel to the axis of the rod. Fig. 62 depicts the generally the coil layout 
, .I:. 
~ . .  
,.. : 
Actuator coil 
TerfenoCD sliafl 
/ , ~ .  . 
.. .  .,, . , .  
, . 
Since not only the coil is involved in the magnetic circuit other ferromagnetic components 
like housing, Teffenol-I3 shaft and inserts have to be considered. Fig. 63 presents the main 
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I Fig. 63: Magnetic path through the actuator 
1 For Terfenol-D the magnetic field strength, H (Alm), which is required to achieve the 
expected performance, is considered as moderate. Fig. 64 shows the strain capability of 
applied magnetic field intensity (Aim) from Terfenol-D material. 
Strain versusfleld strength 
Presinrs 69 MPI 
0 Z O O  40300 60000 BmDD 100000 120000 l4Om0 160000 180003 ZOMO 220000 Xm00 WOO0 BD000 
H [Alrn] 
Fig. 64. Strain versus applied magnetic field intensity (A/m)[14] 
Above depicted data were taken from the supplier specification for the Terfenol-D shaft at 
pre-stress about 6.9 MPa. The estimated linear range is up to 900 ppm. The maximal targeting 
. strain range, due to near linear relationship to the applied field, is up to the level of 1200 ppm. 
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It is common for layouts, involving Terfenol-D actuators where the magnetic flux should be 
glided and focused in the reglon of the active material This is required to maximize the 
magnetic field energy and minimize the energy losses in the region where the magnetic field 
- is not needed. The frequency range has also to be considered in order to enable the 
functionality of the actuation system. A nonlinear time harmonic simulation method will be 
used to determine and optimize the actuator performance. The parameter calculations from 
this study related to the operational frequency would be used to set up the first set of 
parameters for the simulation. 
According to the Ampere's Law the relationship between the current (A) and the magnetic 
field strength (Alm) could be formulated as. 
In Fig. 63 there are six designated sections of component through which the magnetic flux 
passes. Therefore: 
It is important to include all six terms in order to estimate the required total magnetomotive 
force, and so the return path of the magnetic flux through steel components must also be 
considered. For each section there is a length of the magnetic path, 1, and a value for the 
magnetic field strength, H. The length is fixed by the geometry of the system, but the value of 
H must be determined by making use of the magnetic properties of the material For the 
housing of the actuator the low carbon steel, Ck15, has been used. The magnetic properties of 
Ck15 are shown in Fig 65. 
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Fig. 65: B-H diagram of Ck15 with measurement data 
I ,  
The magnetic properties ofTezfeno1-D at various pre-sfress levels have been provided by the 
Terfenol-D supplier. Fig 66 dep ' i  the B-H charackrktic of the preferred pre-stress about 
8-H Diagram Tetfenol-D (7.2MPa) , 
. . .  
~. 
. . Fig. 66: B-H diagram ofTerfm01-D with measurement data [14] 
. ~ ;. . . ~ . . .  
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. . .  : 
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In order to enable the actuation mechanism to work at high dynamic level, the amount of the 
ferromagnetic steel has to be minimize. For a magnetic circuit the total flux, @, remalns 
constant. The flux is related to the flux density, B, and is equal to the flux density multiplied 
by the integral of cross-sectional area [33]. 
Where this area is constant throughout the magnetic pathway, the integral of cross-sectional 
area is equal to the area. Since the flux is constant, the product of flux density and cross- 
sectional area must he constant for each material: 
The flux density B (T) depends 011 the properties of the medium and specially the relative 
pr (-) and absolute pelmeability p. They are sometimes written in the form: 
where po, the permeability of free space is constant, and pr, the relative permeability is 
another variable with different values for each value of magnetic field strength and for each 
material. The reluctance, %, is an analog to the resistance in the electric circuit. For the 
calculation of the reluctance the following equation could be stated: 
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The reluctance is sometimes wrltten in the form: 
The total system reluctance can be calculated as follows: 
Ohm's law for magnetic circuit could be formed as: 
MMF = 4-92 (53) 
In the magnehc path through an assembly, components specific reluctance has to be 
considered separately: 
==t$.(911+'.SF 2 + % 3 + f i * ~ + R  an) (54) 
The inductance (weber-turns per ampere) of the magnetic circuit is defined as: 
For the proposed type of actuation system the maximal current is limited in automotive area. 
Conventional actuation systems are working with high current, up to 50 A, which is always a 
critical feature for some automotive applications. Current demand in the range of 10 A would 
be a good trade off between low current and good performance requirements. Due to 
combinat~on of equations (50) with (51), considering equations (47) to (49), following 
equation could be mtroduced: 
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It is now possible to foilow ihe procedure to calculate the required number of turns to achieve 
the required magnetic field strength. For the parametric calculation, to determine the number 
turns, the relative permeability of Ck15 and Terfenol-D has been set constant. These 
constants, b,j and ~ T ~ ~ ~ , . D ,  have been set to average value for specific material based on 
. 
measurements. Fig. 57 depicts the results from the parametric calculation for the required 
. number of turns. The geometries have been taken from drawings in the appendix A of this 
Required number of cod turns versus feld strength 
Field strength H IWmI 
Calculation parameter 
Geornetw assHnbly 700 000 
Relative permeability' 
Ck15 635 (average fo~ up to 160kAlml 
TelfenobD 20 {average up up to 160kA/m) 
. 
* 
. , 
to calculate the reluctan 
ons to find out how many turns 
be assumed initially, 
Finally; magnetic field , ,. , ~. 
. Presented calculatio 
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5.3 The Magnetic circuitry for the magnetorheological arrangement 
Two different layouts, valve and orifice, have been introduced with parametrical calculations 
+ in chapter 4. The favorite has been identified due to better performance regarding drag 
pressme dsop and achievable pressure. The oriftce is simpler and less expensive than valve. 
. . .  ..,.. ~ .,,, .
. . 
. . 
.. . = 
. . . .a$ 
II Therefore both layouts will be used for the magnetic calculations and for experimental . : . , .. .F.. : .: . ,..g 
evaluation. With this approach an alternative control arrangement can be verifiqd theoretically 
Fig. 69 depicts the same arrangement as shown above but with the experimental assembly. 
tul-gnet~c field 
The requirement of the magnetic field strength for the MRF is in the range up to 200 W m .  
, , introduce in Fig. 37. A coil in an appropriate 
ferromagnetic housing was defined as the source of the magnetic field. The chosen diameter 
of the orifice is 1.5 mm. This selection has been based on the results of the parametric 
directly into the MRF, which is in the orifice. The bobbin inner diameter is the orifice 
etic field direction. 
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The ferromagnetic mmponnts, housing and MEW, have to be considered for the evaluation 
of the magnetic circuitry. Fig. 73 shows the main magnetic path &rough the alternative MRF 
. 
orifice arrangement. 
A3,L3 
Eig. 73: Magnetic path thr 
alve assembly (favorite) and the orifice (alternative) the low carbon steel, Ck15, has been 
operties of the favorite 
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Fig. 75 depicts the magnetic properties of alternative MkF336 taken &om the M W  supplier 
169 and 793. 
E H  Diagram MRF-336-AG 
. 
- ., . 
. .  .. I ..' ./ . - 
... 
Fig. 75: B-H diagram of MRF 336-AG [69 and 791 
In order to achieve fast response it is 
In Fig. 70 there are six 
ce the flux is comtanf the product offlm density and cross-sectional area must be 
. 
The flux density B (T) depends on the properties of the medium and specially the relative pr 
(-) and absolute permeability y They are sometimes written in the form: 
where po, the permeability of free space is constant, and pr, the relative permeability is 
another variable with different values for each value of magnetic field strength and for each 
material. 
For the MRF control arrangement the maximal current was set to be up to 6A. Due to 
combination of equations (50) with (51), considering equations (57) to (61), following 
equation could be introduced: 
It is now possible to follow the procedure to calculate the required number of turns to achieve 
the required magnetic field strength. For the parametric calculation, to determine the number 
tums, the relative permeability of Ck15 and MRF-132-AD have been set as constant. These 
constants, p,,,, and p,,,w.,32.no, have been set to average value for specific material based B-H 
diagram. Fig. 76 depicts the results from the calculation for the required number of tums for 
the favorite design. 
Required number of coil turns versus field strength 
Field strength H [Wml 
. . . .  
. . .: ,. 
' . .., . ..-. 
. . ,  
. . . j. 
. ~. . 
. . 
, . 
Fig. 76: Number of tums versus achievable magnetic field strength for the valve 
.- . . . ,
Fig. 77 depicts the results from the calcnhtion for the required number of turns for the 
alten&ve orifice d s i g a  
Required nun& of coil turns versus field strength 
Rdative permeability: 
635 (averaae for uo to 16OlcAlm) 
4.75 (average up up to 290Wm) 
Pig. 77: M&er ofturns versus aebierable magnetic field strength for the orifice 
s again obvious for both, magnetic and geometric dimensions, that the valve layout should 
,. 
be preferred. All geometries have been taken from drawings the in the appendices B and C. 
, ,  . 
.. . 
.. . 
These ca1cdatiom a e  prepared as the first input for sirnuhiion of the magnetic circuit. The - . . ~. ~ 
. .. 
. . .  : 
nodhem B-H characteristic and the real, not constant permeability of each material will be . . 
used in the magnetic field simulation. Further details regarding the coil and wire geometry 
will be discussed in section 5.4. The proposed approach, outlined above, was also used to 
calculate tee reluctance of the circuit; it is in the favorite arrangement 0.9 " lo6 H'. For the 
above parametrical calculation it was necessary to perform a trial and error series of 
operations to fmd out how many turns the coil needs to have in order to provide the required 
field strength and how much space this coil will need. To perform these calculations, layout 
geometrieshad to be assumed initially, i.e. the outer diameter of the homing, and then tuned 
to the optimum Finally, magnetic field simulation has been used to confirm the magnetic 
field calculations. The above shown calculation results have been used as the initial input for 
5.4 Electric coil for actuator and magnetorheoiogical arrangement 
In the following calculation it was n 
to find out how many turns the coil needs in order to provide the required field strength and 
how much space this coil will need. The proposed approach with the calculation of the 
reluctance enables to indicate the dynamic capability of the proposed arrangement. Fig. 78 
shows the cross section of an air coil. The bobbin of the coil is made of aluminum and does 
not affect the magnetic field. 
ach strand of the copper wire is coated with an insulating layer to avoid electrical short 
resistance of the copper wtre in the coil can be calculated if the geometry, length and cross- 
sectional area, are known and the resistlv~ty of copper is known. 
The resistivity of copper, S with units, is defined by: 
There is also a variation of the resistivity of copper with temperature, and this also must be 
taken into consideration. Over the temperature range of interest: 
where 6) is the temperature in degrees centigrade and the temperature constant, cc at 20°C 
with units 1/ OC, is defined by: 
Fig. 79 shows the result of the parametric calculation of current density versus wire diameter. 
The specified current range 1-10 A has been used. Typical current density in automotive 
applications is lower then 7 A/mmz. The current density limitation, given by wire supplier, is 
up to 10 A/mmz. Generally, the limitation is given by thermal conditions and the isolation 
layer specification. 
Current de~isiQ-~~ers~ls wire dilneter 
Fig. 79: Current density versus wire diameter with current as parameter 
It is now necessary to perform a trial and error series of operations to fmd out how many turns 
&e coil needs to have in order to overcome the reluctance. Another way to calculate is the 
definition of required magnetomotive force. The result of both ways of calculation leads to 
the same coil specification. The parametrical calculation results, used to specify the prototype 
coil, have been proven by non-linear magnetic field simulation. Based on above discussed 
analytical calculations and the results fiom the magnetic field simulations, prototype 
speciticatioa for coils has been proposed. Fig. 80 depicts geometry and reference coil 
specijication ofmagnetostrictive aciuator. Fig. 81 depicts geometry and coil specification of 
the favorite MRF control valve. 
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Actuator coil lor rig tests 
Tem,,eroture ronge: -20 C uD t o  t i 2 0  C 
Supplied voltage: 12V +/-3V. 
Frequency: OHr a t  CC ond l0OOHz at AC 
Res;siance o t  Rt:  > 1 ~ 5 2  Ohm ot DC 
Inductance: 23mH 
Nominol current: 19.8 A 
Number of turns: 1.1000 
Wire rnoier,oi: Copper 
Wile bare didmeter: 1.l5mm (AWG17) 
Fig. 80: Geometry and coil specitication of the magnetostrictive actuator 
Conirol coil for rlg tests 
Temperalure ronge. -20' C up to +120" C 
Supplied voltage 2V +/-0 5V. 
Frequency OHz oi DC and lOO(11-l~ 0 t  Ac' 
Resistonce ot Rt r0.33 Ohm o l  DC 
Inductonce: ImH 
Norninnl current. <6 2 A 
Number of turns >I20 
Wire n~aterlol Copper 
W~re bore diameter 0 9mm 
Fig. 81: Geometry and coil specification of the control valve 
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Based of calculaiio~s, magnetic field sirnulatiom and the desired simplicity of the assembly, 
the coil for the &ce control has been proposed Fig. 83 shows geometry and coil 
specification of the control orifice. 
c'c.niroi coil for rig test-, 
T~mpero+.urr. ronqe -20 C up to + 120 C 
Supp!!ed daltoge 5 V  +/- 1~511, 
F r e q u r n m  Oi-I;. ot DC and IOCIDII2 oi AC 
Resjslunce ui Rl: > O 8 1  Ohm oi UC 
lnducionce 8nl-I 
!\liiminol current  i6 2 A 
idumber ?f turns  >51G 
idlire rnoteiinl: Copper 
Wire hare i l lor-~eter. O92wm (AWG19) 
Fig. 82: Geometry and coil specification of the control orifice 
5.5 Magnetic Field Simulation 
In order to optimize the design of the actuator, a simulation of magnetic field, including the 
real magnetic properties of used material, is required. The nonlinear simulation method was 
used to detemine and optimize the actuator and control performance. Due to nonlinear B-H 
function the system has to be solved by an iterative way [87j. The "MS"-actuator, 'W- 
valve and "MR-orifice have been simulated regarding magnetic field. Finite element 
modelling methods of the magneto-mechanical phenomena have been proposed in several 
publications in [20] and 1861 to [92]. Terfenol-D is a smart material in that the magnetic 
properties are coupled with mechanical state and vice versa. For an accurate simulation a non- 
linear method with coupling between magnetic and mechanic properties are recommended. 
One method involves a simultaneous solving process using the magnetostrictive 
characteristics of Terfenol-D rods: cr (S, H) and H (B, cr) [86]. Another method uses the direct 
dependency of the strain h[ppm] versus field intensity H [Alm]. Special software packaging 
for smart materials and structures i.e. Atila FEM software is available for this purpose. Atila- 
Software has been developed by ISEN, France and distributed by Cedrat in Europe & 
Magsoft in USA. For the proposed actuator structure with stepwise accumulation of the smart 
material motion the knowledge of the pre-stress and pre-magnetization has to be considered to 
obtain the required functionality. For the optimization of the proposed structure the software 
packages Opera from Vector Fields and free available FEMM have been used. Some 
simulations have been done with both software modules for comparison reasons. The simple 
user interface and efficiency has been found in using the free available FEMM software 
packaging developed by David Meeker, Senior Engineer at Forster-Miller Inc. Results from 
the magnetic field simulation from FEMM and Opera have been evaluated and positively 
verified with measurements on the rig for several coil layouts. For low-frequency evaluations 
only a part of the complete Maxwell's equations is considered. Displacement currents are 
typically relevant only at radio frequencies [84]. For magnetic field simulation, the 
operational frequency for the actuator and control device has been investigated up to 1000 Hz 
For simulation of the actuator and the control device at that low-frequency the problems of 
displacement currents can be neglected. 
In the Finite Element method the partial differential and integral equations describe the 
u variation of the magnetic field either directly as field variable i.e. flux density B, but more 
often using a potential function that is related to the field by gradient or by curl (V 
operation [85]. In the magneto-static case fields are constant over the time and the current 
density J is defined by equation: 
J='i7 H (67) 
Flux density B has zero divergence and is expressed by: 
For a non-linear material the permeability is expressed with: 
The software modules are finding a magnetic field that satisfies equations (67) and (68) by 
iteration using the magnetic potential vector A. The magnetic flux density is expressed with 
- 
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the vector A and is defined as: 
B=V x A (70) 
Equation (67) for the static magnetic field using a magnetic vector potential could be re. 
written as: 
In 3D problems, feasible with FEM Opera from Vector Fields, this magnetic vector potential 
A becomes a three component vector. For simulation of the proposed actuator and control 
device a 2D and axisymmetric model has been apphed. In this case the first two of the three 
components are zero and just the "out of the page" vector component has to be considered. In 
case that material behaves linear in the magnetic field, a simplification of the previous 
equation could be established: 
B = I c ~ ' ~  (72) 
Further, for the linear isotropic material the following is valid: 
V . A = Q  (73) 
Following, equation (71) with the linear isotropic material and 2D an axisymmetric problem 
could be rewritten as: 
In the case that the magnetic field is not constant over the simulation period time, further 
Maxwell's equations have to be applied. The current density 3, the electric field intensity E 
and conductivity G are linked by: 
. The induced electric field could be expressed with: 
. 
Due to substitution of the magnetic vector potential A from B into equation for induced 
electric field as presented in Eq. 77: 
The integration and simplification to a 2-D problem lead to 
By substitution of E into Eq. (75), the relationship for current density could be rewritten to: 
With further substitution of equation for the current density the partial different~al equation 
can be presented as follows, 
In equation (80) Jsrc stands for the applied currents sources and the term V ' is the 
additional voltage gradient over a conducting body [84]. FEMM considers equation (80) for 
evaluations of the magnetic field oscillating at one constant frequency. With additional 
transformation shown in equation (81), where a is the complex number. 
and substitution into equation (80) with d~viding out of the complex exponential term 
equation (81) could be presented in following form: 
FEMM software uses equation (82), with as the phasor transform of applied current sources, 
for harmonic magnetic problems. FEMM software package enables the evaluation with a 
complex and frequency-dependent permeability in time harmonic problems. This feature 
could be used to model thin laminations and model of hysteresis effects. 
To enable a particular magnetic s~mulation, a boundary condition has to be defined. The 
FEMM package offers three different types of boundary conditions: Dirichlet, Neumann and 
Robin. In the Dirichlet-condition the value of A is explicitly defined at the boundary, i e. A=O 
This condition will guarantee that the flux is not passing the boundary. In the Neumann- 
condition the normal derivative of A is specified. This condition forces the flux to leave the 
boundary at exactly 90°, i.e. like into the very highly permeable metal And finally, the 
Robin-condition is a mix between Dirichlet and Neumann. Under this condition the value of 
A and its normal derivate at the boundary are specified [84]. For the evaluation of the 
proposed actuator, as well the control device, an axisymmetric problem is established and 
following A=O on the line r=O. 
All above discussed equations have to be satisfied by iteration and approximation Even for 
evaluation of simple structures the final element analysis is very useful. The basic idea of the 
final element analysis is to split the structure in a large number of small sub-structures, each 
of them of simple standardized geometry (i.e. triangle). In this way the small but difficult to 
solve problem becomes to a large but simple to solve problem [84]. In particular, due to 
tr~angulation the differentlal equations become to x linear equation with x variable, what a 
computer can solve in a view seconds. Specially, FEMM uses triangular elements only. The 
approximation of a sufficient number of solutions for simple triangular regions leads to an 
accurate result for the magnetic vector potential A. The following section of this chapter 
contains results of the magnetic field simulation with the software packaging FEMM, some 
key simulation results have been calculated with the professional magnetic field simulation 
s o h a r e  tool Opera from Vector Field. Both software packages have been very useful and 
powerful tools for optimization of the actuator and control device geometry. 
The first simulation loop has been created usmg the magnetic field simulation software 
FEMM, Version 4.0.1. Figure 83 shows the FEMM software window with user interface. 
- 
Cbpter five 
For geometry hiput ihe CAD expori I' import took has been used The 3D design and 2D 
detailed drawings for prototyping as well the Dm-import files for the simulation tools have 
been prepared with CAD pametrical tool Pro-Desktop. More details can be obtained &om 
the appendices A to D. The measured B-H cha~acteristics, shown inp~evious ection, have 
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5.5.1 Magnetic field simulation results from "MS"-actuator 
Fig. 84 shows the meshed structure of the magnetostrictive actuator. The simulated model has 
been set up to an "axisymmetric problem", and the "asymptotic boundary conditions" have 
been applied 'Ifhe results of the parametric calculation for the electric circuit have been used 
to set up the s ~ n ~  model of the actuator assembly. The measured B-H c b a r a c ~ t i c  for 
each material has been used as input for the magnetic field simulation software. 
package, version 4. 
:, . 
1 . 3 2 3 e W  : 1.411 e m 0  
' ?35eKQU : 1.323e+COD 
46et000 : 1.235e+ODO 
158etD00 : 1.146e- 
'me-001 : I.D5f(ei00D 
118e001 : 9.7Me-001 
lux density B (T) in the actuator 
on ofthe magnetic circuit voltage drop, flux liukage, inductance, resistauce and 
have been calculatd All caleuhtions has been obtained with frequencies 
Hz, 10 & 50 EIz, 250 Hz, 500 Hz and 1000 Hz. Fig. 86 shows various types of additional 
.. . .- . . 
result infomation from PEMM. . . . , . . . . . ~,:. x: . . 
. , .. . 
. * . . 
,.. 
. , .. 
,,.. 
: . . .  . . ., , . .  
, . 
. . . . 
... 
. _. . ~ .  
. . . . . .  
l i ~  , . .  
4 % ; : . . .  . ~ 
. . . . . . .  
. . .  
. . . .  
. . .  
. . 
. . . 
Page 99 ~ ..,:. . . .  ~, .~ . 
3 : . . 
. . 
1 Fig. 8Cx FEW Magnetic Circuit Results for the actuator 
The flequency impact on resistance and inductance could be obtained in the simulation 
results. It should be mentioned that the electric frequency of openting electric power is the 
half ofthe helnnecllaand pumping frequency. The fresuency interference, doubling of the 
frequency, is based on the fact that the strain peak appears twice witzlin one fkequency loop 
from the electric power working with sinevawes. 
Fig. 87 presents the assembly reference picture for TD-plots for magnitude of field dknsity 3 
(T) a d  rnagniduae of Geld intensity H ( A h )  of the Terfeno-D shaft dong the defined path 
line m k d  as Zength. 
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Length 
- . . 
0 50mm' 
Fig. 88 shows the density pl 
shaft in the "MS."-actuator assembly. 
level was acceptable. The initial proposed geometry, based on analytical calculation, has been 
optimized with the simulation tool. Several loops of simulations have been obtained before 
reaching tYle prototype stage. At the prestress of 6.9 MFa and the field intensity about 
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100 kA/m the expected strain of the Terfenol-D shaft should be higher than 1200 ppm. This 
result will be w~thin the specified range and was rated as acceptable. 
Fig. 89 shows the magnitude of field intensity H (Nm) related to the center line of the 
. Terfenol-D shaft. 
50 tFO 
Fig. 89: FEMM Field intensity H (Nm) in the actuator 
A homogeneous distribution of the magnetic field Intensity (H) along and across the Terfenol- 
D shaft has been achieved and the intensity level has been rated as acceptable The results of 
the magnetic field simulation have been used to set up the final design freeze for experimental 
rig. For comparison and verification reasons the "MS"-actuator assembly has been evaluated 
using the Vector Fields Software for magnetlc design (Opera). All the geometries and 
material data as well the boundary conditions have been kept equivalent to the FEMM model. 
Figure 90 presents the Opera software window with user interface. 
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PROBLEM DATA 
Lrneaielemems 
Ro-mrneiw 
R'vecmrpwnal 
MsgnePc helds 
N O  mesh 
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Fig. 90: Opera software window with user interface 1851 
For geometry input the CAD export/ import tools has been used. Fig. 91 shows the meshed 
structure of the magnetostrictive actuator using Opera software. The simulated model has 
been set up to an "'axisymmetric problem". The modified vector potential solutio~~, "modified 
T x A"', has been selected to improve accuray near the symmetry axis [85]. The results of the 
parame~c  alculation for the electric circuit have been used to set up the complete model of 
the "MS"-actuator assembly. The measured B-H characteristic for each material has been 
used as input for the magmetie field simulation software. 
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Pig. 91: Meshed actuator with Opera 
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Fig. 92 shows the potential lines and density plot for the real part of B (T) related to the centre 
line of the Terfenol-D shaft. 
Comaonent: POT 
Fig. 92: Opera Potential lines and flux density 3 (T) in the actwtor 
Fig. 93 shows the density plot of B (T) related to the centre line of the Terfenol-D shaft (see 
Fig. 87). The results shown in Fig. 93 have been obtained using Opera software version 
10.017 &aes& using FEMM software version 4.0.1. 
Page 105 
Cornparions of simulatioi~ results 
1.2 ~ ~. ~ 
Fig. 93: Comparison of simulation results regarding flux density 3 (T) 
0 10 20 30 40 50 60 70 80 90 100 
Fig. 94 shows the magnitude of field intensity H (Mm) related to the centre line of the 
Terfenol-D shaft. Fig. 94 shows results which have been obtained with two different 
simulation systems, Opera and FEMM. 
-8 m sin~ubletl wid1 Opera 
Cornparions of simulation results 
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Fig. 94: Comparison of simulation results regarding field intensity H (Nm) 
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Comparing the simulation results, obtained by EEMM and Opera, it is obvious that both 
~esults are in perfect coincidence. It can be noted that the free available sohare  package 
FEMM o E m  a very simple user interface. Toe professional software packaging kom Vector 
. 
Fields is wider purpose software for electromagnetic desiga Various types of solutim for the 
proposed actuation system are available: static analysis module, steady-state module and the 
transient analysis module. 
5.5.2 !Magnetic field simulation results from yyMRy'-valve 
, , , : , .  . 
. . 
. . : 
Fig. 95 shows the meshed structure of the preferred magnetorheological valve assembly. The 3.: 
simulated model has been set up to an "axisymmetric problem", and the "asymptotic 
bomdaq .u)nditions" have been applied The results ofthe parametric calculation for the 
e l d c  &rewit have been used to set up the sirnuhied model of the control valve assembly. 
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Fig. 96 presents the density plot for the real part of B (T) related to the center line of the MRF 
valve assembly, which has been obtained using FEMM software version 4. 
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Based on parametric calculations the nominal current for the control coil has been set up to 3 
Amperes. Variow types of output information could be used to evaluate the magnetic field. 
For tbe evaluation purpose of tbe magnetic circnit voltage drop, flux linkage, mdwhnce, 
resistance and electrical power have been calculated. All calculations have been obtained with 
hpencies  0 Hz, 10 Hz, 50 Hz, 250 Hz, 500 Hz and 1000 Hz Fig. 97 shows various types of 
additional result information from FEMM. 
Fig. 97: FEMM Magnetic Circuit Results foT valve 
The p&ed hpencyrange for the electric circuit using a sinevawes should be 
~~widhtheoperatingfreq~ofthe;Ictuation.Furtherdetailsregardingthe 
opedona1 £requencies have been waluated parametrically in chapter 4. 
Fig. 98 shows the assembly reference picture for 2D-plots for magnitude of field density B 
(q and nugdude of geld intensity H (Alm) of the mid of MRF gap along defined path line 
lnarbd as I+ 
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Length 
-C 
40 ,.I mm 
I 
Fig. 98: Reference figure of the valve assembly for plots of B (T) and H (Alm) ~ 
Fig. 99 shews the density plot of B (TI at nominal current in the mid of MRF gap in the valve 
assemb1y. 
Fig. 99: E M M  Flux density 3 (T) in the valve 
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The geometly of the assembly has been verified up to the homogeneous density of the 
magnetic field along and across the MRF gap. The results show that the density level was 
acceptable. The initial proposed geomehy, based on analytical calculation, has been 
optim~zed with the simulation tool. Several loops of simulations have been obtained before 
reaching the fmal design. At the magnetic field intensity of about 200 kAim the expected 
yield stress of MRF 132-AD should be higher than 42 kPa. It can be noted that the result were 
in the specified range and was rated as acceptable. Fig. 100 shows the magnitude of field 
intensity H (Aim) related to the mid of the MRF gap. 
0 10 20 20 r10 
Fig. 100: FEMM Field intensity H (A/m) in the valve, mid of MRF gap 
A homogeneous distribution of the magnetic field intensity along and across the MRF gap has 
been achieved and the intensity level has been rated as acceptable. The results of the magnetic 
field simulation have been used to present the final design for experimental evaluation on the 
rig. 
5.5.3 Magnetic field simulation results from "MRv'-orifice 
Fig. 101 dqicts the &ed strucfure of the alternative magnetorhwlogical orifice -b1y 
The shlate.d model bas been setup to au "axisymm& problem", and the ''asymptotic 
boundary conditions" have been applied. The results of the parametric calculation for the 
electric circuit have been used to set up the simulated model of the control orifice. The 
measured ckmcterktic for each rnaderial bas has been as *input for the magnetic field 
simulation software. 
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various types of additional result information from FEMM. 
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Fig. 103: FEMM Magn Results for o&ce 
Fig. 104 presents the assembly reference picture for 2D-plots for 
B Q and magnitude of field intensity H (Nm) of the mid of MRP 
Page 11.4. 
Fig. lW Reference figure of ibe d c e  fa plots ofB (T) and H (Aim) 
Fig. 105 depicts the densityplot of B (T) at nominal current in the mid of MRF orifice. 
1 Fig. 105: FEMM Flux density B (T) in the orifice 
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The geometry of the assembly has been verified up to the acceptable density of the magnetic 
field along and across the MRF orifice. It is obvious that, the density level was within the 
expectation. The initial proposed geometry, based on analytical calculation, has been 
* 
optimized with the simulation tool. Several loops of simulations have been obtained before 
the design freeze for experimental evaluation on the rig. At the magnetic field intensity about 
. 
95 kA/m the expected yield stress of MRF 132-AD should be about 27 kPa. Fig. 106 shows 
the magnitude of field intensity H (Aim) related to the mid of the MRF orifice 
Fig. 106: FEMM Field intensity H (Aim) in the orifice 
The orifice assembly is simpler than the preferred control valve assembly. The achievable 
performance would not be as good as the performance with preferred control valve assembly. 
An acceptable distribution of the magnetic field intensity along and across the MRF orifice 
has been achieved and the intensity level has been rated as acceptable for simpler device. The 
results of the magnetic field simulation have been used to set up the final design for 
experimental evaluation. 
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Chapter Six 
Experimental evaluation 
6.1 Experimental rig 
To prove feasibility of the actuation principle experimental rig parts have been produced. The 
magnetostrictive actuator assembly, magneto-rheological control assemblies and load 
assembly has been prepared for experimental evaluation. The test results have been used to 
confirm the analytical calculations and the magnetic field simulation and to highlight the 
potential of performance optimization. The experimental rig parts of the magnetostrictive 
actuator are shown in Fig. 107. 
Details of the design are summarized in appendix A. Some experimental rig parts have been 
manufactured in DCU facilities, some has been ordefed £rom external suppliers. The 
measured weight of the 'MMS"-actuator assembly is1560 g and the volume is about 250 mm3. 
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The assembly of the control valve is presented in Fig. 108. 
Fig. 108: Picture from "MR"-control valve assembly 
The measured weight of the "MR"-valve assembly is 475 g and the volume is about 70 mrn3. 
The assembly of the "MR"-control orifice is shown in Fig. 109. 
Fig. 109: Picture from control orifice assembly 
The measured weight of the "MR"-orifice assembly is 530 g and the volume is about 75 mm3. 
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The assembly of the reference load, used for experimental evaluation, is presented in Fig. 110. 
Fig. 110: Picture from load assembly 
The housing has been prepared with MlOxl thread interface for a prkssure transducer. The 
assembly of the MRF reservoir is depicted in ~ i ~ .  11 1. 
-Fig. 11'1: Picture from assembly 
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An automotive "hydraulic-jack" has been used to bleed the system and for reference load 
measurements. All drawing &om components and assemblies are summarized in the 
appendices A to F. 
6.2 Rig test equipment and tools for experimental evaluation 
The rig test equipment, power supply and data acquisition, has been prepared and the sensor 
calibration data have been checked by GKN Drivelme test department. Table 11 shows the 
list of channels for data acquisition and used sensors with key performance data. 
Tab. 11: Rig test data and sensors 
Channel specification 
Test rig equipment 
Max. power from amplifier 
Input power frequencies 
Input power type 
Acquisition frequencies 
Measuring accuracies 
Specification 
1 x 40 A & 30 V, 2 x 5 A & 12 V 
Option 1: variable from function generator 
Option 2: NI card with LabView 8.2 software interface 
sinusoidal, triangle & rectangular from PWM 
>2000 Hz 
Channel 1: Current from rig equipment 
Sensors  
Channel 2: Voltage from rig equipment 
Channel 3: Length from TR102lWlT3 = Sensor 1 
Channel 4: Force from 9021A = Sensor 2 
Channel 5: Pressure PE2000-5048 = Sensor 3 
Channel 6: Force from 9051A = Sensor 4 
Channel 7: Voltage from rig equipment 
Channel 8: Voltage from rig equipment 
Current: 7.3 A, 4.6 A, 4.6 A with +I- 0.2 A 
Voltage: 10.8 V, 1.3 V, 3.7 V with +I- 0.2 V 
Force 1: (9021A) 3 kN max, +/-I00 N 
Force 2: (9051A) 20 kN max, +I-250 N 
Pressure: 4 MPa (40 bar) max, +/- 0.2 MPa (1 bar) 
Displacement: 0.1 rnm max, +/- 0.005 rnm 
Sensor I: HBM TR102 / WIT3 
Sensor 2: Kistler 9021A 
Sensor 3: Kavlico PE2000-5048 
/ Sensor 4: Kistler 905 1A 
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Power flow, current and voltage with various frequencies, have been checked with an 
oscilloscope. A function generator has been used for various actuator tests. A National 
Instruments VO card with LabView8.2 has been used for the experimental tests with 
. simultaneous power input for the magneto-rheological control device fiom the arrangement 
shown in Fig. 33. The recorded data have been investigated with MGraph 1.00, software tool 
for data acquisition. Fig. 112 depicts the rig test equipment with "MP-actuator. 
Fig. 113 depicts the rig test equipment with function generator (left) and the rig test 
equipment with the NI VO card device (right). 
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The set up with conventional function generator has been found to be sufficient for singular 
tests with magnetostrictive actuator or magneto-rheological control device. The NI VO-card 
offers more flexibility for experimental evaluation with simultaneous power input for 
rnagnetostrictive actuator and the magneto-rheological control device. In some tests, up to 
three electrical coils had been powered with defined phase shift in current and voltage. The 
purpose of the experimental procedure was to confum the analytical analysis, to prove the 
basic functionality of the actuator and to highlight the potential of possible improvements. 
6.3 Experimental evaluation of magnetostrictive actuator 
The actuator assembly has been completed and used to evaluate the performance (strain 
capability and blocked force level) of the magnetostrictive actuator. Fig. 114 depicts the test 
bench layout for force and for axial displacement measurements. 
rn 
Fig. 114: Actuator assembly for performance measurements 
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Fig. 115 depicts the cross section of the tested assembly with force sensor and displacement 
sensor. 
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magnetostrictive technology, has been proven on the rig test. Firstly, the effect of pre-stres 
has been evaluated. A piezo-sensor has been integrated into the assembly for 
dynamic force measurement. The details from used sensor are depicted in the 
this thesis. Recorded dataversus time were current, voltage, axial force and ax 
displacement. An evaluation of the displacement versus current has beea used to define the 
optimal pre-stress of Terfenol-D shaft in the assembly. Pre-stress range of 6-34 MPa (300 N- 
1700 N pre-load) has been considered in this test session. Figures 116 to 131 show the results 
from experimental evaluation of the magnetostrictive actuator. In these figures on the left 
side: the time related data acauisition and on the right side: the displacement versus current. 
. ,>. " .d'*~ 
..,". .., ~ . . 
.. . 
Fig. 116: "MS"-performance at pre-load with 300 N 
- 
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Fig. 117: "MS"-perfomance at pre-load with 400 N 
Fig. 118: "MS"-performance at pre-load with 500 N 
Fig. 119: "MS"-performance at pre-load with 600 N 
Fig. 120: "MS"-performance at pre-load with 650 N 
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Fig. 121: "MY-performance at pre-load wrth 750 N 
Fig. 122: "MS"-performance at pre-load with 850 N 
Flg. 123: "MY-performance at pre-load with 950 N 
Fig. 124: "MY-performance at pre-load with 1050 N 
Fig. 125: "MS"perfomance at pre-load with 11 50 N 
Fig. 126: "ME?-performance at pre-load with 1250 N 
Fig. 127: "MP-performance at pre-load with 1350 N 
Fig. 128: "ME?-performance at pre-load with 1450 N 
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Fig. 129: "MS-performance at pre-load with 1600 N 
Fig. 130: "MSn-performance at pre-load with 1650 N 
, . ,  , ,  
. .  . 
- 
Fig. 13 1: "MS'-performance at pre-load with 1700 N 
The effect of pre-stress has been evaluated experimentally. The level of achieved strain has 
been rated as sufficient and within the specified range. The optimal pre-stress has been set to 
the axial force of 500-600 N. At this axial force the Terfenol-D shaft is pre-stressed with 10- 
12MPa and the achievable displacement is about 0.065 mm. Related to the tested length of the 
Terfenol-D shaft, the strain was approximately 1000 ppm. This strain was within the specified 
strain range of the "MS-shaft. The dependency of the achieved axial displacement versus 
electrical current is shown in Fig. 132. In Figure 132 the pre-load effect is shown as 
parameter. 
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Axial displacement versus Current 
0 . 0 8  Preload 
0 1 2  3 4 5 6 7  8 9 1 0 1 1 1 2  
Current 141 
Fig. 132: Optimization of achievable strain with various pre-load 
The evaluation of the frequency impact on the actuator performance strain capability has been 
canied out in the next test. Further, the butterfly-curves with sinusoidal power input have 
been measured to confirm symmetric behavior of the Terfenol-D. During this tating 
procedure the frequency dependency has been evaluated. In Fig. 133 to 138 on the left side: 
the displacement versus cwrenf and on the right side: the time related data acquisition with 
force current and voltage. 
Fig. 133: Buttedy-curve at 550N pre-load & 20 Hz simsoidal power input 
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Fig. 134: Butterfly-curve at 550 N pre-load & at 30 Hz sinusoidal power input 
Fig. 135: Butterfly-curve at 550 N pre-load & at 40 Hz sinusoidal power input 
Fig. 136: Butterfly-curve at 550 N pre-load & at 50 Hz sinusoidal power input 
Fig. 137: Butterfly-curve at 550 N pre-load & at 60 Hz sinusoidal power input 
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Generally, butterfly-curves and the symmetric behavior of the Terfenol-D actuator have been 
confirmed. Some test equipment limitations (available power stage) and noise from the 
available displacement sensor has affected the symmetric behavior. To evaluate the Terfenol- 
D actuator capability regarding to the maximal axial force, the disc spring has been replaced 
by a washer. Considering the maximal compressive stress of the material two additional levels 
of pre-load have been tested. At the medium pre-load level of 1.7 icN, a clear butterfly curve 
can be observed and strain capability about 600 ppm (shaft elongation of 0.037 mm) has been 
measured. The measuring data are shown in Fig. 139. 
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cbaptef six 
With the increase of the pre-load force the actuator comes into the blocked force mode and 
the butterfly-curve is hardly visible. At the pre-load of approximately 4.5 kN the useable 
strain is very limited and could not be used any more as considerable displacement for a pump 
or other actuator principles. Fig. 140 depicts the hardly recogn~ed butterfly-curves at blocked . 
force level at which the strain capability is not significant any more. 
Fig. 140: Butterfly-curves, force versus current, at high level 
The achieved results of the magnetosbictive actuator can be summarized as: acceptable 
- 
displacement, good functionality at various frequencies and high blocked force level, which 
would be considered as sufficient and in line with theoretical performance calculations. Based 
on the achieved results, it can be stated that magnetostrictive technology offers big potential 
for various automotive applications. 
6.4 Experimental evaluation of magneto-rheological control 
Two different control devices, valve and orifice, with two different MR fluids have been 
evaluated experimentally. The static pressure capability versus applied current to the valve or 
orifice coil has been evaluated. The external pressure has been supplied from "hydraulic jack" 
after the coil from valve or orifice have been energized. Fig. 141 depicts arrangement with the 
cross section of tested structure for experimental tesls of the c'MR"-controlled valve assembly. 
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Figure 142 presents 
orifice assembly. 
Fig. 141: Layout for experimental tests of the valve 
arrangement for experimental tests of the alternative "MR"-controlled 
Fig. 142: Layout for experimental tests of the orifice 
The above shown valve and orifice control assemblies, based on magneto-rheological fluid, 
have been evaluated experimentally. The position of the reservoir during the testing has been 
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chosen at the top to enable the self bleeding due to pump and suck operation. Both assemblies 
have been ewaluated with MRF 132-AD and with MRF 336-AG. The data have been recorded 
for evaluation of achieved pressure performance. Fig. 143 depicts an example of the recorded 
. data of the test procedure, where the valve filled with BARF 132-AD has been used. 
Fig. 143: Pressure capacity of valve with MRP 132-AD 
As mentioned above, the external pressure has been supplied from the rig equipment. The 
maximal achievable external flow rate from the "hydraulic jack" is about 5X10-6m3/s. The 
pumping through the valve without the electrically engaged control coil showed pressure drop 
of approximately 0.05 MPa. For evaluation of the pressure capacity, the stationary condition, 
static pressure has been evaluated. In this particular series of experimental trials, the delay in 
the build-up of the pressure is part of experimental mangements, and does not indicate a 
delay in response time of the MRF. Figures 144 to 147 show examples of this static pressure 
capability from the valve with MRF 132-AD. 
. . . . . .  
. Zad 
Fig. 144: Pressure capacity of the valve with MRF 132-AD (1.2 MPa @ 2A) 
. 
Page 133 

I Chapter six 
~ Tests have been repeated several times in order to get some statistical value of the pressure 
versus current capability and to prove the predictability. All testing has been carried out at 
ambient temperature of +20°C. The silicon based fluid has been found challenging for 
conventional bleeding and sealing devices. The MRF 336-AG fluid behavior in the orifice 
control arrangement, as well in the valve control arrangement, has been found as less than 
. . 
sufficient and predictable comparing with MRF 132-AD. Generally, silicon based MRF's 
more difficult to seal and to bleed comparing with hydrocarbon based MRF's. On the 0th 
bleeding procedure the fluid has been heated up to about +60°C. The fluid performance an 
good bleeding is essential for the achievable pressure level. The recorded data from the 
- OMcsMth MRFi32-AD 
- VaheriUcMREaGAa. 
before bleeding 
MBaEURmenD 
..a Vahewah MRF132-PD 
‘ . Onficenth MRF132 
ssure without a significant leakage. It was concluded from the above mentione 
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predicted by calculation and simulation of magnetic field. The above showed results of the 
experimental evaluation (valve with MRF132-AD) have been found as sufficient and in line 
with specified performance. Based on the achieved results, it could be stated that, magneto- 
rheological technology offers big potential for various fluid applications. 
, 
. , .  
, .. . 6.5 Experimental evaluation of "MSfv-pump '; : ' .  ~ . , , . ' . 
To prove the basic pump-functionality a layout with conventional check valve and hydraulic 
. .  ~. 
. . 
. . 
. . liquid (CHF 11s) has been prepared. Fig. 149 shows the layout on rig test with a . 5 :  .-.: 
~ . ~ 
. 
,>. , .  . . . 
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representative cross section. Details on design can be viewed in the appendices A and D of 
, " 
. 
. . 
this thesis. 
P 
valves 
Bleeding of the system was r ty. The actuator coil has 
been powered with sinusoidal rce during the operation and the required 
time to pump 100 ml have been measured. Fig. 150 shows the result of the pumping 
performance with check valves and CHF 11s hydraulic fluid. ., ~ .. , . 
. .. 
. . 
.. 
Acliievable flow rate versus operational frequency 
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Fig. 150: "MSV-pump actuator assembly with check valves and CHFllS 
In the next test session, the conventional fluid has been replaced with the MRF 132-AD. And, 
the same test procedure has been repeated to evaluate the basic pump hnctionality with 
magneto-rheological fluid. Fig. 15 1 shows the result of the pumping performance with 
conventional check valves and MRF 132-AD. 
Achievable flow rate versus operational frequency 
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Fig. 15 1: "MSt'-pump actuator assembly with check valves and MRF 132-AD 
Chapter six 
Some limitations &om the available rig equipment (power electronic) regardlug the 
achievable frequencies are accepted since the purpose of this study is to prove the basic 
functionality and to highlight the potential of the system. During the test, the axial force &om 
the "MS"-shaft and the electric input, voltage and current, have been recorded. Fig. 152 shows 
a snap shut &om the above tests. 
Fig. 152: "MS"-shaft force, voltage and current from pump actuator 
The pump performance difference between two fluids, CHF11 S and MW132-AD, is not 
significant. The difference in efficiency is below 4%. Due to content of feno-magnetic 
powder in MRF 132-AD the opening and closing of the one-way valve is less predictable 
comparing with conventional fluid. Some unpredictable behavior, due to metallic particles in 
the fluid, of the opening and closing of the check-valves has been observed. Generally, the 
basic functionality has been proven and could be predicted by analytical calculations. The 
tested structure could be extended to an "MS'-actuator with two conventional check valves, 
load and a controlled "MRY'-valve as release valve. Further experimental testing will be 
carried out with the reference load assembly. 
In the next step, the basic functionality of the "MS"-actuator with two "MR"-valves has been 
evaluated. The purpose of the testing is to understand whether a f U y  "MR"-controlled fluid 
flow could lead to better performance than above tested system with check valves. The 
additional electric power source has been adapted into the experimental test rig. 
Simultaneously control of all three coils is required to enable the pump functionality. The 
control of the three coils with the defmed phase shift has been realized with the LabView 
control panel and National Instruments I/O cards. The basic phase d e f ~ t i o n  is defined as 
. 
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following. The input valve is assembled between the reservoir and the pilot piston from 
"MS"-actuator. The output coil is assembled to the return line. Before the "MS" actuator is 
elongating, the input coil has to be powered, and the output coil is switched off. In this 
condition the elongation of the "MY-shaR leads to pilot piston movement and this leads 
finally to the fluid flow. Before the pilot piston returns in the original position, the output coil 
* 
should be powered to avoid the return of the fluid flow. Fqthermore, after switching on of the 
output coil and before the disengagement of the MS-actuator coil, the input coil should be 
switched oB. Opening the input coil in this moment leads to sucking of the oil' £tom the 
reservoir for the next actuation loop. Fig. 153 depicts the user interface from prepared 
LabView control panel. 
Fig. 153: NI'interface for actuator with "MS" and "MR" conpol coils 
~. , .~ . . . ~ 
During the test, the electric power flow has been recorded. Fig. 154 shows 4 example of the 
recorded data with the hlly "MR"-controlled fluid flow. 
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I Fig. 154: Current and voltage flow during the testing as example 
Fig. 155 presents the layout on rig test with a representative cross section. Details of the 
design could be seen in the appendixes A, B, and D of this thesis. 
"MR"-fluid was essential for pumping operation. 
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Achievable flow rate versus operational frequency 
Fig. 156: "MSn-pump actuator assembly with two "MR" valves and MRF 132-AD 
The achievable performance of the system based on two miniaturized check valves is 
significantly better than the performance from two active "MR"-valves. The lack of 
performance occurs due to delay in response time of the two "MRW-valves. The measured 
response time from the "MR"-valve is about 50 ms. Experimental results related to the 
response time are summarized in chapter 6.6. The delay in response time leads to parasitic 
fluid flow. The "MR"-fluid was moved forward and reverse, without a predictable fluid 
control. Advance power control of the current and voltage could help to improve the response 
time of the "MR"-valve. However, the drawback is the decreasing of the efficiency versus 
operational frequency. The "MR"-valve opening and closing at higher frequency, i.e. up 5 & 
and higher, has been found as not sufficient. Basically, the decreasing of efficiency occurs in 
both valves, the "MRU-valve and the check valves. For the "MR"-valve is the response time, 
and for the check valve the leakage (return or parasitic flow) has to be taken into account. The 
above depicted results show clearly that, the performance limitations of the "MF-pump is the 
control valve. The delay in response time is limiting the maximal operational frequency of the 
valve. Most of the problem is due to the difficulty in stabilizing the current for higher 
frequencies in the magnetic circuit with the particular inductance and reluctance. It was 
concluded from the above showed experimental result that the preferred control structure for 
the actuator should be based on check valves. However, to release the pressure an active valve 
will be required. The "MRW-valve assembly with the favored fluid for the MRF 132-AD is 
more suitable to be used as pressure release valve. Further experimental evaluation will be 
carried out with the complete actuator assembly including the reference load. 
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6.6 Experimental evaluation of complete actuator assembly 
As the reference load for the study, the assembly with housing, piston and disc spring have 
been chosen. A moditied "hydraulic jack" has been used to supply the required pressure for 
static performance measurement. The purpose of the test session is to evaluate the elasticity, 
to prove pressure and force capability, to fill and to bleed the pump assembly. The 
hydrocarbon fluid MFW 132-AD has been used as working fluid. Axial force iTom the 
magnetostrictive actuator, hydraulic pressure, axial force at the main piston and the axial 
displacement of the main piston against the disc spring have been recorded. Fig. 157 depicts 
the arrangement for experimental tests of the reference assembly. 
Fig.157: Reference assembly on test bench 
Fig. 158 shows the cross section of the arrangement for experimental tests of the actuator, 
load assembly and the "MR" release valve. 
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Control coil back to the 
Fig.158: Experimental tests of the load arrangements 
recorded versus time. 
g. 159: Measurement of the reference assemb 
erformance characteristic of the reference assembly. 
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Fig. 160: Axial force and displacement versus pressure 
The axial force depicted in Fig. 160 as Force-1 is measured at the main piston and the 
Forcel is measured at the magnetosirictive actuator. The hysteresis (counter clockwise) of 
displacement and the axial force from the main piston is caused by friction (piston sealing) 
and could be improved by appropriate coating of the housing surfaces. 
In the following test the "MRt'-valve pressure capability and the pressure performance of the 
complete assembly, have been evaluated. The pressure was applied externally with "hydraulic 
jack" after the release valve was energized. By switching off the electric power from release 
valve the disengagement behavior has been recorded. Figures 161 to 168 show the pressure 
release performance of the control in the complete assembly at various pressure levels. 
Fig. 161: Disengagement performance from 3 MPa 
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Fig. 162: Disengagement perfomlance £ram 2.5 MPa 
Fig. 165: Disengagement performance from 1.6 MPa 
Fig. 166: Disengagement performance from 1.0 MPa 
Fig. 167: Disengagement performance from 0.7 MPa 
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Fig. 168: Disengagement performance from 0.5 MPa 
Based on above depicted results it has been concluded to continue the basic functionality tests 
with proposed load assembly. Less than 150 ms were required to decrease the pressure from 
1.0 MPa to 0.25 MPa, and about 200 ms were required to decrease the pressure from 1.7 MPa 
to 035 MPa. Some delay, up to 25 ms, is caused by translation from the digital to the analog 
signal. The delay in response could be overcome by M e r  optimization of the valve 
assembly and the advanced control strategy. Especially at low pressure level, due to the 
hysteresis of the load system and the resistance from viscous medium some delay in 
disengagement occurs. Pressure of up to 3 MPa has been measured with the "MRW-valve 
assembly. In this valve assembly the MRF gap was 0.5 mm. Generally, the performance of 
the load assembly has been rated as acceptable for further testing. 
6.7 Experimental evaluation of the "MSq'-pump actuator 
To confm the expected performance of the fully "MR"-controlled structure actuation tests 
have been performed. The complete assembly is depicted in Fig. 169 
Fig. 169: MS actuator with full MFW control 
Fig. 170 shows the cross section &om the assembly. MRF 132-AD has been used for the basic 
functionality test. The purpose of the test is to c o n f i i  the ~c t iona l i t y  and to evaluate 
whether better bleeding and pre-load of the reservoir will significantly change the 
performance. Based on discussed results in 6.6, the fully "MR" controlled system is not the 
preferred system. However, the basic functionality will be checked. 
Pipe (high pressure) - 
Plpe (lowpressu~e) - 
Fig. 170: Cross section of "MS"-actuator with full MRF control 
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Fig. 171 presents the basic functionality of "MS"-actuator with full MRF control at low 
frequency. It could be observed that the reverse pilot piston movement creates some leakage 
through the valve. 
Fig. 171: Micro-pumping at low frequency (4 Hz) 
Fig. 172 shows the example of the function at higher frequency. Maximal achievable pressure 
is about 0.35 MPa. Further increase of operational kquency, higher than 15 Hz, leads to loss 
of micro-pumping due to delay in response from the valves. 
Fig. 172: Micro-pumping at medium frequency ( 4 5  Hz) 
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As expected, further increase of the operational frequency stops the micro-pumping due to 
response time delay from the "MRV-valves. Furthermore, the fully "MRW-controlled fluid flow 
. requires to control three coils simultaneously. The structure of the electronic control unit 
becomes more complex and expensive in the application. Based on measurement results it has 
* 
been concluded to prefer the simpler structure where "MRt'-valve is used to release the 
pressure. Fig. 173 presents the structure of "MSU-pump actuator with two check valves and 
"MR"-valve in the return line to release the pressure. 
Fig. 173: "MS" pump actuator with "MR" release valvc 
. 
Fig. 174 depicts the cross section of the MS"-pump actuator with two check valves and 
"MR"-valve. "MR"-valve is used as pressure release valve. 
Fig. 174: Cross section of "MS" pump actuator with "MR" release valve 
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The basic hctionality of the pump mechanism has been already proven in chapter 6.5. The 
purpose of  this test is to evaluate whether the combination of "MS" and "MR" technologies 
could be used in one actuator. The check valves enable the fluid flow through the pipes. Then 
the "MR" release valve has been energized and the pressure increases. Fig. 175 depicts an 
example of performed testing at 1 Hz micro-pumping. 
Fig. 175: Basic performance of pump actuator at 1 Hz 
Fig. 176 shows recorded data at 10 Hz micro-pumping in the dead-lined main piston 
Fig. 176: Basic performance at 10 Hz 
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Fig. 177 depicts one example of achieved performance with "MW-valve. All data have been 
recorded versus time. 
Fig. 177: Engagement performance at 25 Hz 
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Acl~ievable pressure versus frequency 
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- 
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OHZ 20 Hz 
Operational frequency 
Fig. 179: Achievable pressure versus operational frequency 
Above depicted results are confirming the expected performance which has been evaluated in 
chapter 6.5. The limitation of the actuator system is the valve structure. As well, the influence 
of bleeding and settling of the "MR"-fluid has been observed several times during the 
experimental testing. 
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Conclusions and recommendation 
-, 
* 
7.1 Conclusions 
High power density and simple design of the magnetostrictive actuator has been evaluated 
and optimized. A literature survey for "W-technology has been extended with analytical 
calculatio~~s, magnetic field simulations and experimental evaluation. Based on calculations 
and simulafion results, the design of an "W-actuator has been proposed An experimental 
rig has been built and the specified performance has been proven with experimental results. 
Acceptable magnetostrietive strain a high blocked force has been achieved. The key 
experimental results, related to ''MSY-actuator, are summarized in Table 12. 
I I 
Actuator ( Actuator coil: I Optimized pre-stress: 
Tab. 12: ''MS"-actuator key data 
-950 turns, 1.5 ohm 12 MPa (600 N pre-load) 
-wire diameter of 1.12 mm Strain capability: 
Terfenol-D shaft: 0.065 mm @lo A 
-shaft diameter of 8 mm (1000 ppm @ 108 kA/m) 
-shaft length 67.5 mm Blocked force: > 4500 N 
"MS"-actuator I Actuator key data 
Furthennore, this thesis is the introduction of an actuator based on MS technology and 
possible contra1 arrangement which is based on MRP technology. A literature survey for 
"MRMR'-tech01ogy, extended with analytical calculations, magnetic field simulations and 
exp- evaluation has been &ed out to enable the actuator principle. Based on 
calculations and simulation results a design of the actuator with "MRY'-control has been 
proposed. Experimental rig assemblies of two different control arrangements have been built 
and the performance has been evaluated experimentally. The key experimental results, related 
to 'NIR"-valve and orifice, are summarized in Table 13. 
Experimental results 
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Tab. 13: "MR"-valve and orifice 
I I 
Orifice I Orifice coil: I Used fluid: 
"MR"-device, 3D CAD 
- 120 turns, 0.3 o h  
-wire diameter of 0.9 mm 
MRF gap size: 
-gap of 0.5 mm and 
-gap length of 12 mm 
-MRF132-AD 
Pressure drop at 5 cm3/s: 
-less than 0.05 MPa 
Achieved pressure: 
1.5 MPa @ 4.5 A & 0 cm3/s 
Valve I Valve coil: I Used fluid: 
Actuator key data 
-490 turns, 0.84 ohm 
-wire diameter of 0.9 mm 
MRF orifice size: 
-diameter of 1.5 mm 
An actuator based on MS technology and a control arrangement based on MRF technology 
has been combined in one possible application The basic functionality of proposed pump 
actuator systems, one with full MRF control and another with check valves, have been 
proven. The performance limitation, namely the valve structure, has been identified. Valve 
leakage and dependency on the operational frequency are the limiting the performance of the 
actuation system However, a pressure of 1.2MPa with check valves and 0.35MPa with two 
"MR"-valves has been achieved in the actuation system. Higher pressure capacity could be 
achievable using a valve structure with faster control response and less leakage. 
Presented calculations, magnetic field simulations and experimental evaluation results for 
both technologies, "MS"-actuator and "MR"-control device, can be used as basis for &re 
development work An important milestone in combination of smart technologies has been 
achieved and enables further development of new applications based on MS and MRF 
techno1ogies, in combination and separately. 
Experimental results 
-MRF132-AD 
Pressure drop at 5 cm3/s: 
-less than 0.2 MPa 
Achieved pressure: 
-length of 40 mm 
7.2 Recommendations for filture work 
0.6 MPa @ 4.5A & 5 cm3/s 
Based on calculations, simulations and experimental results the performance of the "MSm- 
aclllator could be predicted now more accurately. It is recommended for the fmal application 
.. 
to enlarge the Terfenol-D shaft and the pilot piston to achieve higher pressure level and to 
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increase the flow rate. However, the potential of "MS"-technology is very attractive for 
various actuator applications. 
Related to the "XilR"-techno1ogy, it can be stated that the contactless nature of fluid control is 
attractive for various control device. Settling behavior, especially under micro pump 
operational conditions, should be evaluated. Achieved performance of "MR"-valve is 
desirable for apressure release valve application. Significant improvement of response time 
and reduction of leakage are required in order to improve the mi-pump performance. 
Advanced integration of the "MW-valve with reservoir into the "MY-actuator is 
recommended for the b r e  development w o ~ k  Fig.180 presents cross section of the actuator 
with integrated valve. 
Load 
Inlet 
"MI?"-Valve 
integrated Into tlre '"l\nS".actuator 
[actuator coil - inlet "MW-valve 
Fig. 180, Achabr layout with integrated inlet valve 
The proposed integration leads to a concept with only two electric coils, and offers automatic 
synchronization of the shaft elongation and with pressure control for the inlet valve. The 
magnetic field fiom the "MSn-actuator is used simu1taneously for the "MR"-inlet valve. A 
bias DC could be used to activate the inletvalve, before the full elongation of the shaft 
introduces the pumping ofthe fluid to the mainpiston The presented structure should lead to 
simpler control structure and offm potential to improve the performance of the "MS"- 
actuator and "NIR'-COW arrangement Nevertheless, for micro pump actuation other smart 
valve sim&re with less leakage, less ftequency dependency and faster response might be 
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. ., 
. . . . .  
considered too. An alternative structure for the actuator using "MY-control is a simple pump, 
. . .  . 
... 
.. ,. 
which could be driven by e-motor. Eig. 181 presents a schematic layout of a simple electro- . . 
. ~ 
hydraulic actmior with "MR"-release valve. 
, Outlet 
"MW-Valve 
. . , . . ~ . .  
. . .  
. . ~  ; 
. . . .  
" . . . . . . . . . .  
. . .  
. ... . . . . . .  
- I  ".&, h i . ,  Fig. 18 1, Actuator layout with conventional pump - :.
. . .  
"MR"-valve is used to release the pressure. Durability of the pump components and '%IRn 
applications. Further extension of the "kndw-how" related to smart 
new products in various industries. 
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Appendices 
The content of the appendix has been discussed in several chapters of this thesis. The main 
- 
content of the appendix are drawings of experimental rig parts, specifications and some 
additional rig test results. 
The appendix is structured as follows: 
-Appendix A contains detailed drawings of the "MSactuator 
- Appendix B contains detailed drawings of the "MR"-valve 
- Appendix C contains detailed drawings of the "MRn-orifice 
-Appendix D contains detailed drawings of the reservoir 
- Appendix E contains detailed drawings of the load and some additional results from 
experimental evaluation 
- Appendix F contains additional specifications for experimental evaluation 
- Appendix G contains additional magnetic field simulation results for the actuator assembly 
with experimental measurements of flux density. 
- Appendix H contains additional list of various publications related to the thesis 
Page 167 


I Fig. A3 shows a picture fiom prototypes of the alternative actuator assembly with small pilot piston with 24mm outer diameter and membrane. 
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Pictures from Terfenol-D shaft (Diameter 8mm) 
Pictures from Terfenol-D shaft (Diameter 8mm, zoom) 
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Appendix E 
Figure E8 depicts the test proceeding of the reference load. External pressure supply has been 
used to evaluate the elasticity and to prove the sealing concept. 
Fig. E8. Reference loid'on test bench 
Figure E9 depicts the cross section of the arrangement for experimental tests of the load 
assembly. 
Fig. E9: Experimental tests of the load arrangements 600.000 
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Load assembly with different disc spring specifications has been applied with external 
pressure using a conventional fluid (CHF1 IS). The force, axial displacement and the pressure 
has been recorded. Fig. El0 shows the measurements result of the load assembly. 
, , , ,  
at, CPEI 
Fig. E10: Measurement of assembly 600.000 with disc spring DW2093-A90 
As an extract of above diagram the new diagrams "pressure and axial force versus axial 
displacement" have been created. The axial displacement has been measured on the hydraulic 
piston. The linear relationship between pressure and axial force and low pressure drop versus 
time is confi i ing low hysteresis and good sealing of reference assemblies. 
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Fig. E l  1: Measured load assembly performance (with DIN2093-A90) 
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Fig. F5: Displacement sensor specification [HBM] 
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FEMM verification 
In order to verify the simulated model of actuator, the experimental rig assembly has been 
prepared for measurements of flux density with Tesla Meter. 
I 
w 
. , 
Fig. GI: Actuator with Tesla-Meter probe 
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TEST & MEASUREMENT 
ACCURACY [analog output, including probe) 
clc morle: 2 1 YO of reading, i 5 my. 
GAUSS I TESLA METER 
Fig. G2: Tesla-Meter Model 5080 bstruction Manual, F.W. Bell] 
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Appendix G 
Following simulation model has been used to verify the simulated flux density with the 
measured flux density: I 
I Fig. G3: Actuator model without (left) and with (right) Tesla-Meter probe 
Fig. G4 presents the simulation results of flux density B (T) obtained with FEMM at nom 
electrical current. On the left side: the original actuator assembly; on the right side: the 
modified assembly for Tesla-Meter probe. Top-to-bottom reference centre line has been us 
Irn 
Fig. G4: Flux density without (left) and with (right) Tesla-Meter pr 
1 I! The difference between the two above showed results has been found as acceptable for 
. verification of the magnetic field simulation results. Figures G5 to GI9 show the simulation 
results of flux density B(T) and field intensity H ( W m )  at various current levels. ~. - . . ;. > .  ~ , . 
', * . 
. . < . ~  
Appendix G 
Fig. G5: FEMM flux density B (left) and field intensity H (right) at 1 A 
Fig. G7: FEMM flux density B (left) and field intensity H (right) at 3 A i;r-\1a7di:]r * l - * I  
km 
,o 
rn" 
Fig. G8: FEMM flux density B (left) and field intensity H (right) at 4 A 
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Fig. G13: FEMM flux density B (left) and field intensity H (right) at 9 A 
-a- 
- 
wi- 
Fig. G14: FEMM flux density B (left) and field intensity H (right) at 10 A 
Table G1 presents the results from FEMM magnetic field simulation and the measurement 
results of flnx density at the top of the Terfenol-D shaft. 
Table G1: Simulation and measurement result for comparison 
A power supply unit (up to 10A, DC), a Multi-Meter for current measurements and the Tesla- 
Meter Model 5080 have been used for the measurements. The flat Tesla-probe has been 
adapted in to the actuator assembly according Fig. GI. The difference in the simulated results 
and the measured flux density is predictable and was caused by accepted variations of the 
housing material and measurement tolerances. 
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Figure G15 depicts the measured flux density at the top of the Terfenol-D shaft with 
simulated results, obtained with FEMM. 
Magnetic field flux density (B) and field intensity (HI 
versus current I 
0 0  1 0  2 0  3 0  4 0  5 0  6 0  T O  8 0  9 0  100 
Electric current I (Amp) 
- FEMM flux dens~ty m the gap 6 (Tesla) -x- FEMM fluxdense ~nTerfenol-D B Fesla) 
r Measured flux density in the gap B (Tesla) -X- Expeded field lntenslty in TerfenotD H [ N m )  at 7 2MPa 1 
Fig. G15: FEMM flux density B (T) versus electrical current 
*I Summarizing the results fkom simulation and the flux density measurement with the Tesla- 
Meter Model 5080 can be stated, that the results are within the specified range and in good 
- 
consistence. 
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